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Abstract 
This dissertation presents a study focused on exploring the integration of Dual-
Clutch Transmissions (DCTs) in Hybrid Electric Vehicles (HEVs). Among the 
many aspects that could be investigated regarding the electrification of DCTs, 
research efforts are undertaken here to the development of control strategies for 
improving vehicle dynamic performance during gearshifts and the energy 
management of HEVs. In the first part of the dissertation, control algorithms for 
upshift and downshift maneuvers are developed for a Plug-in Hybrid Electric 
Vehicle (PHEV) architecture in which an electric machine is connected to the 
output of the transmission, thus obtaining torque filling capabilities during 
gearshifts. Promising results, in terms of the vehicle dynamic performance, are 
obtained for the two transmission systems analyzed: Hybrid Automated Manual 
Transmission (H-AMT) and Hybrid Dual-Clutch Transmission (H-DCT). On the 
other hand, the global optimal solution to the energy management problem for a 
PHEV equipped with a DCT is found by developing a detailed Dynamic 
Programing (DP) formulation. The main control objective is to reduce the fuel 
consumption during a driving mission. Based on the DP results, a novel real-time 
implementable Energy Management Strategy (EMS) is proposed. The performance 
of such controller, in terms of the overall fuel usage, is close to that of the optimal 
solution. Furthermore, the developed approach is shown to outperform a well-
known causal strategy: Adaptive Equivalent Consumption Minimization Strategy 
(A-ECMS). One of the main aspects that differentiates the EMSs proposed here to 
those presented in previous works is the introduction of a model to estimate the 
energy consumption during gearshifts in DCTs. Thus, this dissertation illustrates 
how through the electrification of powertrains equipped with DCTs both the vehicle 
dynamic performance and the energy consumption can be improved.
  
 
Contents 
1. Introduction .................................................................................................. 1-29 
1.1 Motivation ......................................................................................... 1-29 
1.2 Contribution of the dissertation ......................................................... 1-34 
1.3 Organization of the dissertation ......................................................... 1-35 
2. Powertrain Modeling……………………………………………………….2-38 
2.1 HEVs modeling for dynamic performance assessment ..................... 2-38 
2.1.1 Powertrain description ................................................................ 2-38 
2.1.2 Powertrain model overview ........................................................ 2-41 
2.1.3 Powertrain components ............................................................... 2-45 
2.2 HEVs modeling for energy management .......................................... 2-56 
2.2.1 Powertrain description ................................................................ 2-56 
2.2.2 Powertrain model overview ........................................................ 2-58 
2.2.3 Powertrain components ............................................................... 2-62 
2.2.4 DCT gearshift losses modeling ................................................... 2-75 
2.2.5 ICE start losses modeling ........................................................... 2-84 
2.3 Summary ............................................................................................ 2-90 
3. Gearshift Control Strategies for Hybrid Electric Vehicle Powertrains Equipped 
with Automated Manual Transmissions or Dual-Clutch Transmissions ..... 3-92 
3.1 Metrics for gearshift quality assessment ........................................... 3-92 
3.1.1 Shift comfort ............................................................................... 3-93 
3.1.2 Vehicle performance ................................................................... 3-94 
3.1.3 Shift efficiency ............................................................................ 3-95 
3.1.4 Torque fill energy consumption .................................................. 3-96 
 3.2 Torque request during gearshifts ....................................................... 3-96 
3.3 Gearshift control for HEV powertrains equipped with AMTs .......... 3-98 
3.3.1 Algorithm overview .................................................................... 3-98 
3.3.2 Algorithm phases ........................................................................ 3-99 
3.4 Gearshift control for HEV powertrains equipped with DCTs: Upshift 
maneuvers .............................................................................................. 3-109 
3.4.1 Algorithm overview .................................................................. 3-109 
3.4.2 Algorithm phases ...................................................................... 3-110 
3.5 Gearshift control for HEV powertrains equipped with DCTs: Downshift 
maneuvers .............................................................................................. 3-118 
3.5.1 Algorithm overview .................................................................. 3-118 
3.5.2 Algorithm phases ...................................................................... 3-119 
3.6 Simulation results ............................................................................ 3-123 
3.6.1 Upshift maneuver: 1st to 2nd at 100% APP ............................... 3-124 
3.6.2 Downshift maneuver: 4th to 3rd at 100% APP ........................... 3-130 
3.6.3 Effect of the torque request transition ....................................... 3-134 
3.7 Summary .......................................................................................... 3-136 
4. The Energy Management Problem in Hybrid Electric Vehicles
 ................................................................................................................... 4-138 
4.1 Energy management of HEVs ......................................................... 4-138 
4.2 Classification of energy management strategies for HEVs ............. 4-140 
4.2.1 Rule-based optimization methods ............................................. 4-140 
4.2.2 Model-based optimization methods .......................................... 4-140 
4.3 The optimal control problem in HEVs ............................................ 4-142 
4.3.1 Performance index .................................................................... 4-142 
4.3.2 States and constrains ................................................................. 4-143 
4.3.3 Controls and constrains ............................................................. 4-144 
4.4 Dynamic programming .................................................................... 4-144 
4.4.1 The principle of optimality ....................................................... 4-145 
 4.4.2 A recurrence relation of DP ...................................................... 4-146 
4.5 Pontryagin’s minimum principle ..................................................... 4-149 
4.5.1 Hamiltonian and co-state .......................................................... 4-149 
4.5.2 Necessary conditions for optimality ......................................... 4-151 
4.5.4 Application to HEVs ................................................................. 4-153 
4.6 Instantaneous minimization methods .............................................. 4-158 
4.6.1 ECMS ........................................................................................ 4-158 
4.6.2 Equivalence between PMP and the ECMS ............................... 4-160 
4.6.3 A-ECMS ................................................................................... 4-164 
4.7 Drivability concerns in energy management strategies for HEVs .. 4-168 
4.8 Summary .......................................................................................... 4-169 
5. Dynamic Programming Solution for the Energy Management Problem in 
Hybrid Electric Vehicle powertrains equipped with Dual-Clutch Transmissions
 ................................................................................................................... 5-171 
5.1. Problem formulation .................................................................. 5-171 
5.1.1 Arc cost ..................................................................................... 5-172 
5.1.2 Driving cycle information ......................................................... 5-172 
5.1.3 States discretization and constrains .......................................... 5-173 
5.1.4 Controls discretization and constrains ...................................... 5-178 
5.2 Introduction of gearshift and ICE start losses ................................. 5-180 
5.2.1 Total torque request .................................................................. 5-180 
5.2.2 Torque request to ICE ............................................................... 5-181 
5.2.3 Torque request to EM ............................................................... 5-182 
5.3 Introduction of fuel penalties ........................................................... 5-182 
5.4 Infeasible working conditions ......................................................... 5-183 
5.5 Simulation results ............................................................................ 5-187 
5.5.1 Driving cycle ............................................................................. 5-188 
5.5.2 Charge-sustaining case ............................................................. 5-190 
5.5.3 Charge-depleting case ............................................................... 5-203 
 5.6 Summary .......................................................................................... 5-207 
6. Real-time Energy Management Strategies for Hybrid Electric Vehicle 
Powertrains Equipped with Dual-Clutch Transmissions ........................... 6-210 
6.1 A-ECMS with rule-based gear selection ......................................... 6-210 
6.1.1 Algorithm overview .................................................................. 6-211 
6.1.2 Algorithm phases ...................................................................... 6-218 
6.1.3 A-ECMS formulation ............................................................... 6-221 
6.1.4 Rule-based gear selection in EV-mode ..................................... 6-226 
6.1.5 Calibration of SOC tracking parameters ................................... 6-243 
6.1.6 Effect of restrictions on ICE state ............................................. 6-250 
6.2 Benchmarking and comparison of real-time energy management 
strategies ................................................................................................ 6-252 
6.3 Real-time energy management strategies validation ....................... 6-263 
6.3.1 Driving cycle ............................................................................. 6-264 
6.3.2 Simulation results ..................................................................... 6-266 
6.4 Summary .......................................................................................... 6-272 
7. Conclusions ................................................................................................ 7-274 
8. References .................................................................................................. 7-278 
 
 
 
 
 

  
 
List of Figures 
Figure 2-1. Powertrain layout...................................................................... 2-39 
Figure 2-2. Powertrain model: AMT........................................................... 2-42 
Figure 2-3. Powertrain model: DCT. .......................................................... 2-44 
Figure 2-4. AMT schematic layout. ............................................................ 2-48 
Figure 2-5. DCT schematic layout. ............................................................. 2-51 
Figure 2-6. Powertrain layout...................................................................... 2-57 
Figure 2-7. Powertrain model...................................................................... 2-61 
Figure 2-8. EM efficiency map. .................................................................. 2-65 
Figure 2-9. Zero-th order equivalent circuit model of the battery. ............. 2-69 
Figure 2-10. Cell OCV. ............................................................................... 2-72 
Figure 2-11. Cell internal resistance. .......................................................... 2-73 
Figure 2-12. ICE fuel flow rate map. .......................................................... 2-74 
Figure 2-13. Powertrain model: gearshifts energy request. ........................ 2-77 
Figure 2-14. Gearshift speed profiles: downshift. ....................................... 2-80 
Figure 2-15. Gearshift torque profiles: downshift. ...................................... 2-81 
Figure 2-16. Gearshift energy: downshift. .................................................. 2-82 
Figure 2-17. Gearshift speed profiles: upshift. ............................................ 2-83 
Figure 2-18. Gearshift torque profiles: upshift............................................ 2-83 
Figure 2-19. Gearshift energy: upshift. ....................................................... 2-84 
Figure 2-20. ICE start speed profiles. ......................................................... 2-89 
Figure 2-21. ICE start energy. ..................................................................... 2-89 
Figure 3-1. Speed and torque: 1st to 2nd at 100 % APP. ............................ 3-125 
Figure 3-2. Speed and torque (H-AMT): 4th to 5th at 100% APP. ............. 3-126 
Figure 3-3. Torque at the wheels: 1st to 2nd at 100 % APP. ...................... 3-127 
 Figure 3-4. Acceleration and Jerk: 1st to 2nd at 100 % APP. ..................... 3-129 
Figure 3-5. Speed and torque: 4th to 3rd at 100% APP. ............................. 3-131 
Figure 3-6. Torque at the wheels: 4th to 3rd at 100% APP......................... 3-132 
Figure 3-7. Acceleration and Jerk: 4th to 3rd at 100% APP. ...................... 3-133 
Figure 3-8. Torque request transition. ....................................................... 3-135 
Figure 3-9. Torque request transition effects on drivability...................... 3-135 
Figure 4-1. Optimal co-state value as a function of distance and average speed 
[60]. ........................................................................................................... 4-167 
Figure 5-1. Speed profile (experimental): WLTC class 3, version 3.2. .... 5-189 
Figure 5-2. Acceleration profile (experimental): WLTC class 3, version 3.2. 5-
190 
Figure 5-3. SOC. ....................................................................................... 5-191 
Figure 5-4. Torque split (3rd repetition). ................................................... 5-192 
Figure 5-5. TSF (3rd repetition). ................................................................ 5-193 
Figure 5-6. Power split (3rd repetition). ..................................................... 5-194 
Figure 5-7. Gear number (3rd repetition). .................................................. 5-195 
Figure 5-8. Gear number (zoom of 3rd repetition). .................................... 5-195 
Figure 5-9. ICE operating points. .............................................................. 5-196 
Figure 5-10. EM operating points. ............................................................ 5-197 
Figure 5-11. Fuel consumption. ................................................................ 5-198 
Figure 5-12. Effect of gearshift and ICE start losses: fuel consumption. . 5-199 
Figure 5-13. Gearshift schedule: Gearshift + ICE start losses vs. No losses. . 5-
200 
Figure 5-14. Gearshift schedule: Gearshift losses vs. No losses. .............. 5-201 
Figure 5-15. Effect of Gearshift and ICE start losses: ICE state............... 5-202 
Figure 5-16. SOC. ..................................................................................... 5-204 
Figure 5-17. Torque split. .......................................................................... 5-204 
Figure 5-18. Effect of the EM counter state. ............................................. 5-205 
Figure 5-19. Gear number. ........................................................................ 5-206 
 Figure 5-20. EM operating points. ............................................................ 5-207 
Figure 6-1. Gearshift schedule variation with final SOC target. ............... 6-212 
Figure 6-2. ICE operating points variation with final SOC target. ........... 6-213 
Figure 6-3. A-ECMS with rule-based gear selection flow chart. .............. 6-215 
Figure 6-4. SOC (distance domain). ......................................................... 6-224 
Figure 6-5. SOC reference: time domain vs. distance domain.................. 6-225 
Figure 6-6. Gear number. .......................................................................... 6-227 
Figure 6-7. Vehicle speed and gear selection. ........................................... 6-229 
Figure 6-8. EM power and vehicle speed plane: downshifts (zoom). ....... 6-230 
Figure 6-9. EM power and vehicle speed plane: upshifts. ........................ 6-231 
Figure 6-10. Gear number (zoom)............................................................. 6-232 
Figure 6-11. Vehicle mean speed (zoom). ................................................ 6-234 
Figure 6-12. EM power (zoom)................................................................. 6-234 
Figure 6-13. EM power request for all gears: 291 and 292 s. ................... 6-236 
Figure 6-14. EM power request for all gears: 357 and 358 s. ................... 6-236 
Figure 6-15. EM power request for all gears: 732 s. ................................. 6-237 
Figure 6-16. Gearshifts before braking events: 752 s. .............................. 6-238 
Figure 6-17. EV-mode: gearshift schedule. .............................................. 6-239 
Figure 6-18. EV-mode: gearshift schedule (zoom). .................................. 6-240 
Figure 6-19. EV-mode: gearshift schedule (2nd zoom). ............................ 6-240 
Figure 6-20. EV-mode: SOC. .................................................................... 6-241 
Figure 6-21. Gearshifts before braking events: 752, 792 and 807 s. ......... 6-242 
Figure 6-22. Gearshifts before braking events: 1125 s. ............................ 6-243 
Figure 6-23. Speed profile: US06. ............................................................ 6-245 
Figure 6-24. Acceleration profile: US06. .................................................. 6-245 
Figure 6-25. Speed profile: FUDS. ........................................................... 6-246 
Figure 6-26. Acceleration profile: FUDS. ................................................. 6-247 
Figure 6-27. TSF: free ICE state. .............................................................. 6-251 
 Figure 6-28. TSF: free ICE state (zoom)................................................... 6-251 
Figure 6-29. TSF: restrictions on ICE state............................................... 6-252 
Figure 6-30. Benchmarking results for WLTC: RB + A-ECMS. ............. 6-254 
Figure 6-31.EM operating points for WLTC: DP vs. RB + A-ECMS. ..... 6-255 
Figure 6-32. ICE operating points for WLTC: DP vs. RB + A-ECMS. ... 6-255 
Figure 6-33. Benchmarking results for FUDS: RB + A-ECMS. .............. 6-256 
Figure 6-34. Benchmarking results for US06: RB + A-ECMS. ............... 6-257 
Figure 6-35. TSF: FUDS (zoom). ............................................................. 6-262 
Figure 6-36. Fuel mass and TSF: US06 (zoom). ...................................... 6-262 
Figure 6-37. Speed profile: EC3-EEC....................................................... 6-265 
Figure 6-38. Acceleration profile: EC3-EEC. ........................................... 6-265 
Figure 6-39. SOC and fuel consumption: EC3-EEC. ............................... 6-267 
Figure 6-40. SOC: EC3-EEC (distance domain). ..................................... 6-268 
Figure 6-41. TSF: EC3-EEC. .................................................................... 6-269 
Figure 6-42. Gear number: EC3-EEC (zoom). ......................................... 6-269 
Figure 6-43.EM operating points: EC3-EEC. ........................................... 6-270 
Figure 6-44. EM torque limits: EC3-EEC. ................................................ 6-271 
  
 
List of Tables 
Table 2-1. Powertrain components specifications....................................... 2-41 
Table 2-2. Powertrain components specifications....................................... 2-58 
Table 3-1. Gearshift quality criteria: 1st to 2nd at 100 % APP. .................. 3-130 
Table 3-2. Gearshift quality parameters: 4th to 3rd at 100% APP. ............. 3-134 
Table 3-3. Effects of the torque request transition. ................................... 3-136 
Table 5-1. Driving cycle characteristics: WLTC class 3, version 3.2. ...... 5-189 
Table 5-2. Effect of gearshift and ICE start losses. ................................... 5-199 
Table 6-1. Speed range for gear selection. ................................................ 6-229 
Table 6-2. Gearshift points data. ............................................................... 6-233 
Table 6-3. Driving cycle characteristics: US06. ....................................... 6-244 
Table 6-4. Driving cycle characteristics: FUDS. ...................................... 6-246 
Table 6-5. Effect of SOC tracking parameters: WLTC. ........................... 6-249 
Table 6-6. Effect of SOC tracking parameters: all cycles. ........................ 6-250 
Table 6-7. Benchmarking results: RB + A-ECMS. ................................... 6-259 
Table 6-8. Benchmarking results: A-ECMS. ............................................ 6-259 
Table 6-9. Braking events: FUDS. ............................................................ 6-260 
Table 6-10. Braking events: US06. ........................................................... 6-261 
Table 6-11. Total number of ICE starts..................................................... 6-263 
Table 6-12. Total number of gearshifts. .................................................... 6-263 
Table 6-13. Driving cycle characteristics: EC3-EEC................................ 6-264 
Table 6-14. Total number of ICE starts: EC3-EEC. ................................. 6-268 
Table 6-15. Total number of gearshifts: EC3-EEC. .................................. 6-270 
Table 6-16. Benchmarking results: EC3-EEC. ......................................... 6-271 
 
  
 
List of Acronyms and Symbols 
Acronyms   
A-ECMS Adaptive Equivalent Consumption Minimization Strategy 
AMT Automated Manual Transmission 
APP Accelerator Pedal Position  
ARMA  Autoregressive Moving Average  
BAS Belt Alternator Starter  
COG Center Of Gravity  
DC Direct Current  
DCT Dual-Clutch Transmission  
DCU Dual-Clutch Unit  
DOF Degree Of Freedom  
DP Dynamic Programming  
ECMS Equivalent Consumption Minimization Strategy  
ECU  Engine Control Unit 
EEC  Emissions and Energy Consumption 
EM Electric Machine 
EMS Energy Management Strategy 
EPA Environmental Protection Agency  
EV Electric Vehicle  
 FUDS Federal Urban Driving Schedule  
H-AMT Hybrid Automated Manual Transmission 
H-DCT Hybrid Dual-Clutch Transmission  
HDS Hybrid Dynamic System 
HEV Hybrid Electric Vehicle 
ICE Internal Combustion Engine  
LHV Lower Heating Value 
MT Manual Transmission  
NEDC New European Driving Cycle 
OCV Open Circuit Voltage 
PHEV Plug-in Hybrid Electric Vehicle 
PI  Proportional-Integral controller   
PMP Pontryagin’s Minimum Principle  
PMR  Power-to-Mass Ratio  
PTU Power Transfer Unit 
RMS Root Mean Square 
SMF Single Mass Flywheel  
SOC State Of Charge 
SOE State Of Energy 
TCU Transmission Control Unit 
TPBVP Two-Point Boundary-Value Problem  
TSF Torque Split Factor  
 WLTC  World-wide harmonized Light duty Test Cycle  
WLTP World-wide harmonized Light-duty Test Procedure  
Symbols 
𝑎  Vehicle longitudinal acceleration  
𝐴  Area 
𝐴𝑃𝑃 APP 
𝑏  Distance from the vehicle COG to one of its axles  
𝑐  Generic coefficient  
𝐷  Distance 
𝑒𝑠  ICE start status 
𝐸  Energy  
𝑓   Generic function 
𝑓𝑐𝑜  Fuel cut-off status 
𝐹  Force  
𝑔   Gravity acceleration 
𝑔𝑛  Gear number 
𝑔𝑠  Gearshift status 
𝐺  Inequality that the state variables must satisfy 
𝐆  Set of inequalities that the state variables must satisfy  
ℎ  Height of the vehicle COG from the ground  
𝐻  Hamiltonian  
𝐼  Electric current 
 𝐼𝐶𝐸 ICE 
𝑗  Generic index 
𝐽  Rotational inertia  
𝐽𝑒𝑟𝑘 Jerk  
𝑘   Discrete step (when used for indexing) 
𝑘   Torsional stiffness 
𝐾  Generic gain   
𝑙  Vehicle axle base length 
𝐿  Instantaneous cost function 
𝐿𝐻𝑉 LHV  
𝑚  Number of state variables (when used for indexing) 
𝑚  Mass 
𝑀  Vehicle mass 
 𝑛  Number of control variables (when used for indexing) 
𝑁   Final discrete step 
𝑃  Power  
𝑞  Number of defined final states  
𝑄   Electric capacity   
𝑄𝐷  Quick-disconnect clutch    
𝑅   Electrical resistance   
𝑠  Equivalence factor  
𝑆𝑂𝐶 SOC 
 𝑆𝑂𝐸 SOE  
𝑡  Time 
𝑇  Torque 
𝑇𝑆𝐹 Torque split factor  
𝑢  Control variable 
𝐮  Control vector 
𝑈  Set of admissible control variables 
𝑣  Vehicle longitudinal speed  
𝑉  Voltage 
𝑤  Penalty function  
𝑥  State variable 
𝐱  State vector 
𝑋  Set of admissible state variables 
𝑦  Number of battery cells   
𝑧  Generic exponent  
𝛼  Road grade angle 
Δ𝜔 Angular speed difference  
𝜀   Charge-effectiveness factor    
𝜂   Efficiency  
𝜃  Angular position  
λ   Co-state variable    
𝛌   Co-state vector   
 𝜇  Friction coefficient  
𝜌  Density  
𝜎  Cost of reaching/violating state boundaries  
𝜏  Transmission ratio  
Τ  Time length   
𝜙  Terminal cost 
𝜓  Weighting factor for instantaneous cost function  
Ψ  Performance index 
𝜔  Angular speed  
Subscripts and superscripts  
0  Initial condition   
1  First element  
2  Second element  
𝑎𝑐𝑡 Actuation system element  
𝑎𝑒𝑟 Aerodynamic resistance element  
𝑎𝑣𝑔  Average value  
𝑏  Battery element  
𝑏𝑒𝑎 Bearing element  
𝑏𝑟  Brakes element  
𝐵𝐴𝑆  BAS element  
𝑐  Clutch element  
𝑐𝑑  Clutch disc element  
 𝑐𝑑𝑠  ICE cold start related element  
𝑐𝑒𝑙𝑙  Battery cell element  
𝑐ℎ𝑔  Battery charge element  
𝑐𝑜𝑢  Coulombic element  
𝐶𝐷  Clutch damper element 
𝑑  Discrete element  
𝑑𝑖𝑠  Battery discharge element  
𝑑𝑟  Driven element  
𝑑𝑟𝑎𝑔  Drag losses element  
𝐷𝑟  Driving element  
𝐷𝐶𝑇 DCT element  
𝐷𝐶/𝐷𝐶 DC/DC converter element  
𝑒  Electrical path element  
𝑒𝑐ℎ  Electrochemical element  
𝑒𝑛𝑔  Engaged element  
𝑒𝑞  Equivalent element   
𝑒𝑟𝑟 Error element   
𝑒𝑠  ICE start related element   
𝑒𝑥  Exit condition related element   
𝐸𝑀 EM element  
𝑓  Final element (when used for indexing) 
𝑓  Fuel path element  
 𝑓𝑑  Final drive element  
𝑓𝑖𝑙  Filtered element  
𝑔  Road grade element  
𝑔𝑠  Gearshift related element  
𝐺𝐵 Gearbox element   
ℎ𝑠  Half-shaft element  
ℎ𝑦𝑠 Hysteretic element  
𝑖𝑑𝑙𝑒  Idle element  
𝑖𝑛   Inertial element  
𝑖𝑛𝑝  Input element  
𝑖𝑛𝑣  Inverter element  
𝐼   Integral element  
𝐼𝐶𝐸  ICE element  
𝑗  Generic index 
𝑘   Discrete step  
𝑙𝑖𝑚  Limit related element  
𝑙𝑜𝑠𝑠  Dissipative element  
𝑚𝑎𝑝 Map element 
𝑚𝑎𝑥 Maximum element 
𝑚𝑎𝑥/𝑚𝑖𝑛 Peak-to-peak element 
𝑚𝑒𝑐ℎ Element of a certain mechanism  
𝑚𝑖𝑛 Minimum element 
 𝑛𝑒𝑤 New element 
𝑛𝑔𝑠 No gearshift case element 
𝑛𝑜𝑚 Nominal element 
𝑁   Final discrete step 
𝑜   Clutch transmissible torque element  
𝑜𝑢𝑡  Output element  
𝑂𝐶 Open circuit element  
𝑝  Proportional element  
𝑝𝑎  Element in parallel  
𝑝𝑗   Jth phase  
𝑝𝑟𝑒 Pre-selected element  
𝑝𝑟𝑒𝑣 Previous element  
𝑝𝑠  Primary shaft element  
𝑃𝑇𝑈 PTU element  
𝑄𝐷  Quick-disconnect clutch element  
𝑟𝑎𝑡𝑖𝑜 Ratio among two variables  
𝑟𝑒𝑓 Reference element  
𝑟𝑒𝑙 Relative element  
𝑟𝑒𝑞 Required element 
𝑟𝑟  Rolling resistance element 
𝑅𝑀𝑆  RMS element  
𝑠  Sampling related element  
 𝑠𝑒  Element in series  
𝑠𝑙𝑖𝑝 Slipping element  
𝑠𝑝  Restoring element  
𝑠𝑠  Secondary shaft element  
𝑠𝑦𝑛 Synchronizer element  
𝑆𝑀𝐹  SMF element  
𝑡ℎ  Threshold  
𝑡𝑜𝑡 Total value  
𝑢  Control element  
𝑣  Vehicle element  
𝑤  Wheel element  
𝑥  State   
x  Longitudinal direction 
z  Vertical direction 
*  Optimal element  
  
 
Chapter 1 
1. Introduction  
1.1 Motivation 
The increasing demand seen in the last few years for improved vehicle dynamic 
performance and reduced fuel consumption has raised the interest in the automotive 
industry to explore new powertrain technologies.  
 The electrification of such systems provides energy efficiency benefits since it 
enables the possibility of performing regeneration during braking and engine 
downsizing [1]. Furthermore, the presence of an extra power generation device 
enables improvements in the overall vehicle performance [2]. However, these 
benefits can only be fully realized if the system is properly controlled.  
In the field of transmission systems, Dual-Clutch Transmissions (DCTs) [3], 
[4] have been found to be good candidates to be integrated into Hybrid Electric 
Vehicle (HEV) powertrain architectures since they are able to combine efficiency 
levels similar to those seen for MTs [5] or AMTs (Automated Manual 
Transmissions) [6]  and almost seamless gearshift operation with a high software 
tunability. This is done at the expense of an increased mechanical complexity when 
compared to the latter two transmission technologies. 
Among the many aspects that could be explored regarding the electrification of 
DCTs, attention is focused on developing control strategies for improving vehicle 
dynamic performance during gearshift maneuvers and the energy management of 
HEVs. 
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The main reasons driving the research interest in the aforementioned topics will 
be discussed in the next paragraphs.    
Integration of DCTs in HEV powertrains for vehicle dynamic performance 
improvement   
The gearshift process must satisfy several and often conflicting requirements, e.g. 
short duration, smooth engagement and minimization of energy dissipation [7], [8].  
Several previous studies have investigated gearshift quality for conventional 
DCTs [9]–[14] and MTs/AMTs [15]–[17] using a series of different metrics. 
Furthermore, research efforts have also been undertaken on exploring the 
integration of EMs into powertrains equipped with the mentioned transmission 
systems aiming at improving the vehicle dynamic performance [2], [18]–[20].  
Among the different HEV architectures available, attention has been given in 
literature to the possibility of connecting an Electric Machine (EM) to the 
transmission output shaft, since this configuration enables full or partial 
compensation of the torque gap during gearshifts if the EM torque is properly 
controlled [20], [21]. In [2] an upshift control strategy is developed for a hybridized 
Manual Transmission (MT) in which the mentioned torque gap is successfully 
reduced thanks to the intervention of the EM. This controller could also be applied 
for hybrid powertrains equipped with AMTs. Moreover, improvements in terms of 
drive comfort can also be seen when the performance of the mentioned powertrain 
layout for the case of a H-DCT is compared to that of a conventional DCT [8].  
Regarding the smoothness of the clutch re-engagement process, [22] 
analytically proves that the oscillations in the longitudinal vehicle acceleration 
generated at the clutch engagement, depend on the slip speed and acceleration at 
the clutch lock-up. Based on these considerations, a variety of control strategies 
have been proposed to reduce vibrations when the oncoming clutch is engaged 
using different techniques. For example, in [16] a solution based on cascaded and 
decoupled speed and torque control loops is proposed for a conventional AMT. 
Instead, in [20], an optimal controller for the clutch re-engagement phase performed 
with a H-AMT is discussed. The control algorithm is based on the augmentation of 
the reference trajectories, resulting into a homogeneous TPBVP (Two-Point 
Boundary-Value Problem). Moreover, a control strategy for a H-DCT is presented 
in [23]. The characteristics of a robust 𝐻∞ controller are exploited to complete the 
speed synchronization of the Internal Combustion Engine (ICE) and the clutch 
driven plate.  
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As mentioned before, energy dissipation in the form of heat during clutch slip 
should be limited. This allows to reduce fuel consumption and increase component 
life. Several control algorithms with the objective of minimizing this form of energy 
dissipation during gearshift maneuvers can be found in literature for both 
conventional and hybrid powertrains [18], [20], [24], [25]. 
As it can be inferred from the previous remarks, the benefits of powertrain 
hybridization during gearshifts have been well established by previous works. In 
particular, H-DCTs are recognized as promising solutions to improve the vehicle 
dynamic performance. The fact that just a few publications regarding the control of 
such systems are available in literature presents an opportunity to undertake 
research efforts in that direction. Furthermore, the author is not aware of any study 
regarding a proper comparison of H-AMTs and H-DCTs performance, therefore, 
this topic is explored in the present dissertation.  
Integration of DCTs into EMSs for HEV powertrains   
The energy management in hybrid vehicles consists in deciding the amount of 
power delivered at each time instant by the onboard energy sources [1], [26]. An 
Energy Management Strategy (EMS), receives as inputs information coming from 
the vehicle (ICE speed, SOC, EM speed, etc.) together with the requests coming 
from the driver and process it, i.e. decides how to fulfil the power request at the 
wheels, to output a series of set-points to the powertrain actuators [27]. It is clear at 
this point that having a well-designed and properly tuned EMS is of fundamental 
importance to really take advantage of the capabilities that HEV powertrains have 
to offer.   
In HEVs the control objectives are mostly integral in nature. Traditionally, 
EMSs are design with the goal of minimizing the total fuel consumption over a 
defined optimization horizon [28], [29]. However, other objectives could also be 
included as the reduction of pollutant emissions [30], [31] or the maximization of 
battery life [32], [33]. Furthermore, EMSs could be implemented to satisfy multiple 
and often conflicting requirements.  For example, in  [34] a control strategy is 
developed aiming at optimally tradeoff between fuel consumption and battery 
capacity loss while in [35], [36] the compromised is established between fuel 
consumption and vehicle drivability.  
In order to fulfil the predefined control objectives, several EMSs can be found 
in literature designed using a series of different techniques. For example, rule-based 
approaches have been implemented in [27], [37], [38]. Numerical model based 
techniques can also be found in literature, e.g., Dynamic Programming (DP) [26], 
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[39], genetic algorithms [40] and stochastic dynamic programming [41]. On the 
other hand, in the realm of analytical model-based techniques, Pontryagin’s 
Minimum Principle (PMP) [37] is one of the most widely used approaches. It has 
been proved that, under certain conditions, PMP gives a non-causal solution which 
is globally optimal [42], [43]. In addition, researchers have recently show interest 
in the use of convex optimization [44], [45], [46] since this approach can 
significantly reduce the computational time with respect to some numerical 
methods as DP. However, its use requires additional model approximations and 
discrete control variables, e.g., ICE state or the engaged gear number, cannot be 
included in a convex formulation [45]. In the field of real-time implementable 
model-based control methods, several research efforts have been dedicated to the  
Equivalent Consumption Minimization Strategy (ECMS) [27], [47]. This approach 
is implementable online since they are based on the minimization, at each time step, 
of a predefined cost function.  
DP [48], [49], [50] is a numerical method to solve problems in which a 
sequence of interrelated decisions have to be taken [51]. A particular amount of 
attention has been given in literature to DP since is the only optimal control method 
capable of providing the optimal solution to problems of any complexity level 
within the accuracy limitations imposed by the discretization of problem variables 
[1]. Hence, it allows generating benchmark solutions for real-time implementable 
EMSs [31], [35], [52], [53]. Furthermore, despite not being real-time 
implementable, the results obtained with DP can be analyzed to extract rules that 
would allow to generate a control trajectory similar to that of the global optimal 
solution to the control problem at hand. However, for this method to work, an 
extensive calibration of the designed set of rules is needed to ensure proper results 
for a wide range of operating conditions [54]. Nevertheless, this approach has been 
successfully applied in literature for the energy management of HEVs [31], [55]–
[57]. 
In production vehicles, EMSs must be causal since real-time implementation is 
required. This implies that the control actions are local in time. Moreover, other 
than deciding the power split among onboard energy sources, depending on the 
vehicle architecture, other decisions might need to be taken, e.g., the current 
engaged gear, ICE state, clutches states, etc. As mentioned above, approaches like 
the ECMS, based on the minimization of a predefined cost function, have received 
a lot of attention in literature due to their causal nature.  
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Even though ECMS was first introduced in [47] as a heuristic method derived 
from engineering intuition, it was later shown that under certain conditions it is 
equivalent to PMP [58], i.e., ECMS is able to provide the optimal solution to the 
energy management of HEVs. However, this depends on giving the proper value to 
the equivalence factor at each time instant. Considering that a real-time 
implementable strategy cannot retain the future driving conditions as known, an 
adaptation scheme for the equivalence factor should be in place to adjust the value 
of this parameter as driving conditions change. EMSs that perform this kind of 
adaptation online are referred to in literature as Adaptive Equivalent Consumption 
Minimization Strategy (A-ECMS) [29], [59], [60], [61]. 
A common issue found in EMSs that do not explicitly incorporate drivability 
metrics in their performance index, is that the requests sent to the powertrain 
actuators aiming at optimizing the onboard energy consumption may have negative 
effects on vehicle drivability [36]. In particular, two of the most relevant type of 
decisions that can potentially cause drivability issues in HEVs are [62], [63]: high 
frequency switching among powertrain operating points/modes, e.g., from ICE-
only mode to EV-mode, and frequent gearshifts. Because of the way in which they 
are formulated, instantaneous minimization methods are especially inclined to 
provide control requests that would generate high frequency switching between 
operating points. The reason for this is that the cost related to several control 
candidates may be very similar, which makes it possible for small variations in the 
driving conditions to continuously favor the selection of substantially different 
operating points based on negligible improvements in the cost function of interest.  
When fuel consumption is the main concern, requesting transient events such 
as gearshifts and ICE starts that would result in little to no improvement in this 
regard should be avoided since, in addition to the drivability issues discussed above, 
there is an energy loss associated to them.  
Several research efforts have been dedicated to solve these issues using 
different approaches. In [64], [65] minimizing the overall number of ICE starts and 
gearshifts was included as one of the control objectives of a stochastic dynamic 
programming algorithm. Instead, in [27] to prevent frequent ICE starts/stops as a 
result of implementing ECMS, the cost function is incremented considering the fuel 
equivalent energy (electrical energy used to power the starter) that is required to 
accelerate the ICE from rest to idle speed. In addition to the energy needed to go 
through the ICE start process, the energy losses of ICE starts and gearshifts are 
considered in [66] for a powertrain equipped with an AMT. Properly accounting 
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for the energy needed to perform these operations allowed the developed DP 
formulation to minimize fuel consumption without providing a solution with 
frequent start/stops or the presence of gear hunting behavior. 
To the best of the author’s knowledge, there are not yet available EMSs in 
which physical considerations are used to model the energy consumption during 
gearshifts for DCTs. If the ICE start losses are also properly model, this would 
allow to develop control strategies in which these maneuvers are undertaken when 
it is more convenient in terms of the overall energy consumption with the extra 
benefit of having an EMS in which transient events are not frequently requested, 
thus improving also the vehicle drivability. A DP programming formulation that 
considers these losses would be more representative of the maximum capabilities 
of the HEV of interest. Hence, the analysis of the optimal solution could give 
insights on how to improve the currently available real-time implementable EMSs.   
1.2 Contribution of the dissertation 
As stated before, the primary objective of this dissertation is to investigate the 
integration of DCTs in HEV powertrains. The most relevant results obtained from 
the research efforts undertaken are briefly described in the following.  
Development of gearshift control strategies for HEV powertrains equipped with 
AMTs or DCTs  
Control algorithms for upshift and downshift maneuvers are developed for a Plug-
in Hybrid Electric Vehicle (PHEV) architecture in which an EM is connected to the 
output of the transmission obtaining torque filling capabilities during gearshifts. 
Two different control logics are developed for the same vehicle depending on the 
type of transmission selected: AMT or DCT. 
The strategies are very simple to implement and tune since they are based on 
the use of simple Proportional-Integral (PI) feedback controllers. Thus, 
transmission engineers without significant knowledge of advanced control theory 
will be able to use the developed tools. 
The results obtained for both powertrains are promising in terms of vehicle 
dynamic performance. One fundamental implication of the previous remark is that 
the H-AMT studied has been proved capable of almost eliminating the torque gap 
during gearshifts while keeping the mechanical complexity of the system low with 
respect to its DCT counterpart. Since H-DCTs are already on the market, a 
comparison between these two transmission systems becomes of interest.  
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Implementation of DP for the energy management of HEV powertrains equipped 
with DCTs 
A DP formulation is developed for the energy management of a PHEV equipped 
with a DCT. The main control objective is to minimize the overall fuel consumption 
during a driving mission. DCT gearshift losses and ICE start losses are considered 
in the DP algorithm. This allows to obtain an optimal solution to the control 
problem at hand in which these maneuvers are undertaken when it is more 
convenient in terms of the overall energy consumption. The importance of properly 
modeling the energy needed during these transient events is demonstrated by 
studying its effects on gear selection and ICE state variations. When the mentioned 
losses are considered, there is no gear hunting behavior or ICE state chattering in 
the solutions.  
The results obtained can be used as a benchmark for other control strategies or 
to analyze the behavior of the optimal solution and derive causal EMSs from it.   
Development and benchmarking of a real-time EMS for HEV powertrains 
equipped with DCTs  
Learning from the behavior of the optimal solution, a real-time implementable EMS 
is developed in which gear selection in EV-mode is performed using a set of rules 
derived from the DP results while A-ECMS is employed to decide the powertrain 
operating mode and the current gear when power from the ICE is needed. 
Simulation results show that, in terms of the total fuel consumption, the 
proposed approach does not only yield results that are close to the optimal solution 
but also outperforms those of the A-ECMS, a well-known EMS.  
As for the DP formulation, one fundamental aspect that differentiates the causal 
control strategies developed here from those published in previous works, is the 
introduction of a model to estimate the energy consumption during gearshifts for 
powertrains equipped with a DCTs.  
1.3 Organization of the dissertation 
In order to properly illustrate how this dissertation is organized, the contents of each 
chapter will be briefly described in the following paragraphs. 
Chapter 2: Powertrain Modeling  
In this chapter, the modeling work undertaken in the dissertation is addressed in 
detail. The structure and capabilities of the PHEV powertrain architectures of 
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interest are also described. In order to assess gearshift quality and its impact on 
drivability, a nonlinear dynamic model of a series-parallel PHEV is developed. Two 
variants of this powertrain are studied, the main difference between them is in the 
type of transmission employed: AMT or DCT. On the other hand, a backward quasi-
static model of a parallel PHEV is developed for energy management purposes. The 
model is designed to properly account for the energy needed to perform gearshift 
and ICE start operations.  
Chapter 3: Gearshift Control Strategies for Hybrid Electric Vehicle Powertrains 
Equipped with Automated Manual Transmissions or Dual-Clutch Transmissions  
In this chapter, gearshift control strategies for the two variants of the PHEV of 
interest are discussed: H-AMT and H-DCT. The objectives of each of the algorithm 
phases, the equations for computing the ICE, BAS, clutch(es) and EM torque 
requests are reported together with the conditions that determine the passage from 
one phase to the next. In addition, simulation results are presented and analyzed to 
illustrate the effectiveness of the control strategies. These results are also used to 
establish the benefits and limitations of the two transmission systems studied.   
Chapter 4: The Energy Management Problem in Hybrid Electric Vehicles 
In chapter 4, some of the most relevant EMSs for HEVs having as the main 
objective the task of reducing the overall fuel consumption during a driving mission 
are reviewed, setting the theoretical basis for understanding the work presented in 
chapters 5 and 6.  
Chapter 5: Dynamic Programming Solution for the Energy Management 
Problem in Hybrid Electric Vehicle powertrains equipped with Dual-Clutch 
Transmissions 
DP is used in chapter 5 to find the global optimal solution to the energy management 
of a parallel PHEV. The general problem formulation is given. Each state and 
control variable are defined and the reasons behind their introduction are explored. 
In addition, the way in which the modeling of the gearshift and ICE start losses are 
integrated into the DP formulation is described. The optimal solution obtained here 
is used in the next chapter for the development of real-time implementable EMSs.  
Chapter 6: Real-time Energy Management Strategies for Hybrid Electric Vehicle 
Powertrains Equipped with Dual-Clutch Transmissions 
A real-time implementable EMS is proposed in chapter 6 which combines a rule-
based approach for the gear selection in EV-mode, designed from the DP results, 
with A-ECMS. Simulation results are presented to benchmark the mentioned causal 
strategy against the optimal solution and to compare its performance, in terms of 
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the total fuel consumption, with that of a well-known real-time implementable 
EMS: A-ECMS. 
Chapter 7: Conclusions 
The main conclusions drawn from the work presented in the previous chapters 
are reported here. In addition, insights are given regarding the topics in which future 
developments could be focused on.   
 
 
 
  
 
Chapter 2 
2. Powertrain Modeling  
2.1 HEVs modeling for dynamic performance assessment 
For the assessment of gearshift quality and its impact on drivability in powertrains 
systems with DCTs and AMTs, nonlinear dynamic models are required. The model 
used must be able to deal with the change in the number of kinematic Degree Of 
Freedom (DOF) due to variations in the clutch status (engaged/disengaged) or in the 
synchronizers position. Furthermore, the models should be able to properly account 
for the driveline components compliance and damping. In this way, the first torsional 
mode of the transmission is correctly estimated and an assessment of the vehicle 
drivability during gearshift maneuvers can be conducted [15]. Examples of nonlinear 
dynamic models can be found in [4], [20], [12], [16].  
In this chapter, a detailed description of the model designed for dynamic 
performance assessment of HEVs is presented. The structure and capabilities of the 
powertrain of interest are also addressed. The mentioned model is used in chapter 
3 for the development of gearshift control strategies. 
2.1.1 Powertrain description 
The vehicle of interest corresponds to the series-parallel PHEV architecture 
depicted in Figure 2-1. The powertrain consists of an ICE, a BAS, an EM, a battery 
pack and a mechanical transmission system. Two variants of this powertrain are 
studied, the main difference between them is in the type of transmission employed: 
AMT or DCT.  
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Figure 2-1. Powertrain layout.  
PHEVs are characterized for being equipped with energy storage systems that 
are larger with respect to the ones found in regular HEVs. Given the superior 
dimensions of the battery pack, these components can be recharged by an external 
power source in addition to the energy that can be stored during vehicle operation 
when the EM works as a generator [38]. 
The proposed PHEV architecture enables the possibility of operating in several 
different modes. In order to obtain the highest possible tractive force at the wheels, 
BAS, ICE and EM can be used together to propel the vehicle, thus operating in 
parallel hybrid mode. Note that the ICE can produce additional power with respect 
to that required at the wheels, in this case, the EM or the BAS (Belt Alternator 
Starter) could use this extra energy to recharge the battery. On the other hand, the 
transmission systems considered allow to disconnect the ICE from the wheels. This 
enables the possibility of driving the vehicle in either series hybrid mode or EV-
mode without having to drag the ICE inertia and compensate for its energy losses. 
In particular, the powertrain operates as a series hybrid when it uses the ICE to 
charge the battery through the BAS while the EM fulfils the power request at the 
wheels.  
In the PHEV of interest, an EM is connected to the driveshaft through a 
mechanical coupler referred to as Power Transfer Unit (PTU). A single gear ratio is 
available to the electric motor. This configuration enables full or partial 
compensation of the torque gap during gearshifts if the EM torque is properly 
controlled [20], [21].  
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In addition to the EM connected to the transmission output, a BAS is employed 
to use electrical power to support the ICE in delivering the requested torque. Due to 
its fast response, the BAS helps on improving the control of ICE speed during 
gearshifts [67]. 
To filter torsional vibrations, a Single Mass Flywheel (SMF) is located between 
the ICE and the clutch (or dual-clutch unit for the DCT variant) input shaft. In 
addition, torsional dampers are incorporated to each clutch.   
The main features of the HEV architecture described can be summarized as:  
• Battery pack can be recharged by an external power source. 
• Operation in ICE-only mode is possible.  
• Operation in parallel hybrid mode is possible.  
• Operation in series hybrid mode is possible.  
• Operation in EV-mode can be undertaken with the possibility of 
decoupling the ICE from the wheels. 
• BAS allows for better control of ICE speed during gearshifts. 
• EM is connected to the output of the transmission obtaining torque 
filling capabilities during gearshifts. 
• EM enables the possibility of performing regenerative braking.     
The most relevant powertrain components specifications are shown in Table 
2-1. 
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Table 2-1. Powertrain components specifications. 
Component Data 
Vehicle mass 1920 kg  
ICE Diesel engine, 2.0 L, 104 kW 
EM 112 kW (peak power) 
BAS 32 kW (peak power) 
DCT or AMT 6-speed transmission 
Battery Pack Li-ion, 18.9 kWh 
2.1.2 Powertrain model overview  
In this section, an overview of the HEV powertrain model developed for dynamic 
performance assessment is given. The main modelling assumptions and the 
simulator structure are described.  
Both powertrain variants (with AMT or DCT) are modeled using the same 
assumptions. 
2.1.2.1 Modeling considerations  
As stated before, the models described in this section are designed to properly 
simulate the longitudinal vehicle dynamics with the objective of developing a tool 
that can be used both for control calibration and drivability assessment.  
In order to achieve the mentioned goals, nonlinear dynamic models are 
developed based on the following considerations: 
• Only vehicle longitudinal dynamics is considered. 
• Zero grade is considered.  
• Clutches are modeled using a LuGre dynamic friction model [68], [69]. 
• Clutch dampers stiffness and hysteresis characteristics are considered.   
• Synchronizers torsional dynamics is modeled.  
• Bearing losses are considered.  
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• Half-shafts stiffness and damping are considered. 
• Wheels on the same axle are assumed to have the same speed.  
• Pacejka’96 transient nonlinear tire model [70] is used.  
• The efficiency of meshing gears is assumed to be 100 %. 
The mentioned modeling considerations are addressed in more detail in section 
2.1.3 where the models used for each powertrain component are described.  
2.1.2.2 Model structure: AMT variant 
A global layout of the model developed of the powertrain variant in which an AMT 
is employed can be seen in Figure 2-2. 
 
Figure 2-2. Powertrain model: AMT.  
The sum of the torque coming from the ICE and the BAS 𝑇𝐼𝐶𝐸,𝑒𝑞 is applied to 
the first inertia of the system 𝐽𝐼𝐶𝐸,𝑒𝑞 while the EM torque 𝑇𝐸𝑀, after being amplified 
by the transmission ratio of the mechanical coupler 𝜏𝐸𝑀, is applied to the inertia 
𝐽𝑠𝑠,𝑒𝑞.  
The stiffness and hysteresis of the clutch damper interacts with the inertia 𝐽𝑐𝑑,1, 
to which the torque passing through the clutch is applied, and with 𝐽𝑝𝑠,𝑒𝑞. The 
motion of the latter is affected by the torque output of a sub-system introduced to 
model the torsional dynamics of the synchronizers. Note that the transmission shafts 
flexibility is neglected, thus only a transmission ratio 𝜏𝐺𝐵 is interposed between 
𝐽𝑝𝑠,𝑒𝑞 and the synchronizer model. Moreover, the dissipation introduced by the 
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𝐹 ,𝑑𝑟𝑟𝑤
𝐹𝑎𝑒𝑟 𝐹𝑔
𝑇𝐶𝐷,𝑠𝑝
𝑇𝐶𝐷,  𝑠
𝑘ℎ𝑠
𝑐ℎ𝑠
𝐽𝐼𝐶𝐸,𝑒𝑞 𝜏𝐺𝐵
𝜏𝐸𝑀
𝜏 𝑑
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primary, secondary and differential shaft bearings, respectively 𝑇𝑝𝑠,𝑏𝑒𝑎, 𝑇𝑠𝑠,𝑏𝑒𝑎 and 
𝑇 𝑑,𝑏𝑒𝑎 is also illustrated in Figure 2-2.   
The tractive force generated by the powertrain actuators is transmitted through 
the half-shafts stiffness and damping characteristics to the inertia 𝐽𝑤. The rolling 
resistance 𝑇𝑟𝑟,𝐷𝑟 and the longitudinal forces exchanged at the driving wheel/road 
contact 𝐹 ,𝐷𝑟 are also applied to this inertia. Another inertia block of the same entity 
is introduced to which the rolling resistance contribution 𝑇𝑟𝑟,𝑑𝑟 and the force 
exchanged in the driven wheel/road contact 𝐹 ,𝑑𝑟 are applied. The link between 
these inertias, that represent the wheels, and the vehicle motion is established by the 
tire model. Furthermore, the grade and aerodynamic drag forces (𝐹𝑔 and 𝐹𝑎𝑒𝑟 
respectively) are also considered when computing the vehicle longitudinal 
dynamics.  
The complete mathematical formulation of the model depicted in Figure 2-2 is 
given in section 2.1.3.  
A summary of the main model inputs and outputs is presented below.  
Main inputs: 
• Oncoming gear number. 
• Offgoing gear number. 
• Initial angular position and speed of each DOF. 
• Control inputs: 
o APP 
o Torque request to ICE and BAS. 
o Torque request to EM. 
o Clutch transmissible torque request.  
o Synchronizer position request.  
Main outputs:  
• Angular position and speed of each DOF. 
2.1.2.3 Model structure: DCT variant 
A global layout of the model developed of the powertrain variant in which an DCT 
is employed can be seen in Figure 2-3. The complete mathematical formulation of 
this model is given in section 2.1.3.  
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Figure 2-3. Powertrain model: DCT.  
The model presented above has a similar structure with respect to the one 
developed for the AMT variant. The main difference between this model and the 
one illustrated in Figure 2-2 is in the fact that there is an additional transmission 
path to be considered.  
A summary of the main model inputs and outputs is presented below.  
Main inputs: 
• Oncoming gear number. 
• Offgoing gear number. 
• Initial angular position and speed of each DOF. 
• Control inputs: 
o APP 
o Torque request to ICE and BAS. 
o Torque request to EM. 
o Oncoming clutch transmissible torque request.  
o Offgoing clutch transmissible torque request.  
Main outputs:  
𝜏 𝑑
𝐽𝑤𝑀𝐽𝑤
𝑇𝑟𝑟,𝐷𝑟 𝐹x,𝐷𝑟𝑟𝑤𝑇𝑟𝑟,𝑑𝑟
𝐹 ,𝑑𝑟𝑟𝑤
𝐹𝑎𝑒𝑟 𝐹𝑔
𝑘ℎ𝑠
𝑐ℎ𝑠
𝑇𝐼𝐶𝐸,𝑒𝑞
𝐽𝐼𝐶𝐸,𝑒𝑞
𝐽𝑝𝑠,𝑒𝑞
Syn.
𝑇𝑝𝑠,𝑝𝑟𝑒 ,𝑏𝑒𝑎
𝑇𝐶𝐷,𝑝𝑟𝑒 ,𝑠𝑝
𝑇𝐶𝐷,𝑝𝑟𝑒 ,  𝑠
𝜏𝑝𝑟𝑒 
𝐽𝑠𝑠,𝑒𝑞
𝑇𝐸𝑀
𝑇𝑠𝑠,𝑏𝑒𝑎 𝜏𝐸𝑀
𝐽𝑝𝑠,𝑒𝑞
Syn.
𝑇𝑝𝑠, 𝑒𝑤,𝑏𝑒𝑎
𝑇𝐶𝐷, 𝑒𝑤,𝑠𝑝
𝑇𝐶𝐷, 𝑒𝑤,  𝑠
𝜏 𝑒𝑤
𝜏 𝑑
𝐽𝑐𝑑,𝑝𝑟𝑒 ,1
𝐽𝑐𝑑, 𝑒𝑤,1
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• Angular position and speed of each DOF. 
2.1.3 Powertrain components 
In this section, the modeling of the main powertrain components is described in 
detail.  
Since the models here presented will be used to study gearshift maneuvers, the 
variables related to the transmission path in which the oncoming gear is located will 
be identified with the subscript 𝑛𝑒𝑤, instead, for the ones related to the transmission 
path in which the offgoing gear is mounted, the subscript 𝑝𝑟𝑒𝑣 is employed.  
2.1.3.1 ICE, BAS and clutch  
The HEV of interest is equipped with a 2.0 L diesel engine with a maximum power 
output of 104 kW. Moreover, a BAS with a peak power of 32 kW is also employed.  
The engine shaft dynamics is described by:  
 𝑇𝐼𝐶𝐸,𝑒𝑞(𝑡) − 𝑇𝑐(𝑡) = 𝐽𝐼𝐶𝐸,𝑒𝑞?̇?𝐼𝐶𝐸(𝑡) (2-1) 
 𝐽𝐼𝐶𝐸,𝑒𝑞 = 𝐽𝐼𝐶𝐸 + 𝐽𝑆𝑀𝐹 + 𝐽𝑐,𝑚𝑒𝑐 + 𝐽𝐵𝐴𝑆𝜏𝐵𝐴𝑆2  (2-2) 
where, 
𝑇𝐼𝐶𝐸,𝑒𝑞(𝑡) is the sum of the ICE and BAS torque.  
𝑇𝑐(𝑡) is the torque passing through the clutch(es).  
?̇?𝐼𝐶𝐸(𝑡) is the angular acceleration of the crankshaft. 
 𝐽𝐼𝐶𝐸 is the ICE inertia. 
 𝐽𝑆𝑀𝐹  is the SMF inertia.  
𝐽𝑐,𝑚𝑒𝑐  is the clutch mechanism inertia.  
 𝐽𝐵𝐴𝑆 is the BAS inertia. 
𝜏𝐵𝐴𝑆 is the transmission ratio of the belt connecting the BAS to the crankshaft.  
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The torque transmitted through the clutch (or dual-clutch unit for the DCT 
variant) is computed using a LuGre dynamic friction model [68], [69]. 
The maximum and minimum torque of the ICE and the BAS are computed as a 
function of the crankshaft speed: 
 𝑇𝐼𝐶𝐸,𝑚𝑎𝑥(𝑡) = 𝑓(𝜔𝐼𝐶𝐸(𝑡)) (2-3) 
 𝑇𝐵𝐴𝑆,𝑚𝑎𝑥(𝑡) = 𝑓(𝜔𝐼𝐶𝐸(𝑡)) (2-4) 
 𝑇𝐵𝐴𝑆,𝑚𝑖 (𝑡) = 𝑓(𝜔𝐼𝐶𝐸(𝑡)) (2-5) 
2.1.3.2 Clutch damper 
A torsional damper is incorporated in each of the clutches present in the driveline. 
These elements are modeled as a two-stage damper with piecewise linear stiffness 
and hysteresis. 
The spring element generates a restoring torque based on a stiffness that is a 
function of the angular position difference between the DOF corresponding to the 
clutch disc (located before the damper) and the primary shaft 𝜃𝑐𝑑,𝑗(𝑡) − 𝜃𝑝𝑠,𝑗(𝑡).  
Therefore, for the offgoing gear transmission path:  
 𝑇𝐶𝐷,𝑝𝑟𝑒 ,𝑠𝑝(𝑡) = 𝑘𝐶𝐷(𝑡) (𝜃𝑐𝑑,𝑝𝑟𝑒 (𝑡) − 𝜃𝑝𝑠,𝑝𝑟𝑒 (𝑡)) (2-6) 
where, 
𝑇𝐶𝐷,𝑝𝑟𝑒 ,𝑠𝑝(𝑡) is the restoring torque of the clutch damper. 
𝑘𝐶𝐷(𝑡) is the clutch damper stiffness.  
𝜃𝑐𝑑,𝑝𝑟𝑒 (𝑡) is the angular position of the clutch disc.  
𝜃𝑝𝑠,𝑝𝑟𝑒 (𝑡) is the angular position of the primary shaft. 
On the other hand, the energy dissipation introduced by the clutch damper is 
modeled using a Coulomb friction model (smoothed through a hyperbolic tangent 
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function) [68] based on the clutch damper hysteresis which is also a function of 
𝜃𝑐𝑑,𝑗(𝑡) − 𝜃𝑝𝑠,𝑗(𝑡): 
 
𝑇𝐶𝐷,𝑝𝑟𝑒 ,  𝑠(𝑡)
= 𝑇𝑜,𝐶𝐷,  𝑠(𝑡) 𝑡𝑎𝑛ℎ (3
𝜔𝑐𝑑,𝑝𝑟𝑒 (𝑡) − 𝜔𝑝𝑠,𝑝𝑟𝑒 (𝑡)
𝛥𝜔𝑡 ,𝐶𝐷
) (2-7) 
where, 
𝑇𝐶𝐷,𝑝𝑟𝑒 ,  𝑠(𝑡) is the dissipative torque of the clutch damper. 
𝑇𝑜,𝐶𝐷,  𝑠(𝑡) is the clutch damper hysteresis.  
𝜔𝑐𝑑,𝑝𝑟𝑒 (𝑡) is the angular speed of the clutch disc.  
𝜔𝑝𝑠,𝑝𝑟𝑒 (𝑡) is the angular speed of the primary shaft.  
 𝛥𝜔𝑡 ,𝐶𝐷 is a threshold to tune the shape of the smoothing function. 
The total torque transmitted by the clutch damper is then:  
 𝑇𝐶𝐷,𝑝𝑟𝑒 (𝑡) = 𝑇𝐶𝐷,𝑝𝑟𝑒 ,𝑠𝑝(𝑡) + 𝑇𝐶𝐷,𝑝𝑟𝑒 ,  𝑠(𝑡) (2-8) 
Finally, the dynamics of the clutch disc can be calculated as: 
 𝑇𝑐(𝑡) − 𝑇𝐶𝐷,𝑝𝑟𝑒 (𝑡) = 𝐽𝑐𝑑,𝑝𝑟𝑒 ,1?̇?𝑐𝑑,𝑝𝑟𝑒 (𝑡) (2-9) 
where, 
𝐽𝑐𝑑,𝑝𝑟𝑒 ,1 is the inertia of the clutch disc (part of its total inertia located before 
the damper). 
?̇?𝑐𝑑,𝑝𝑟𝑒  is the angular acceleration of the clutch disc.  
The clutch damper torque and the clutch disc dynamics for the transmission path 
related to the oncoming gear, 𝑇𝐶𝐷, 𝑒𝑤(𝑡) and ?̇?𝑐𝑑, 𝑒𝑤(𝑡), are computed in a similar 
manner. Note that for the AMT variant of this powertrain, the subscripts 𝑛𝑒𝑤 and 
𝑝𝑟𝑒𝑣 are not needed for these variables since there is only one clutch damper and 
gearbox input shaft (see section 2.1.3.3).   
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2.1.3.3 AMT and EM 
A synchronous EM with a peak power of 112 kW is connected through the PTU to 
the output of a 6-speed AMT.  
A stick diagram of the AMT is visible in Figure 2-4. The transmission is 
composed of: 
• A dry clutch.  
• An input/primary shaft. 
• Two output/secondary shafts (upper and lower) that are linked to the 
differential ring gear via pinion gears. 
• Synchronizers mounted on the secondary shafts. 
Note that the reverse gear is not represented in the figure. 
 
Figure 2-4. AMT schematic layout. 
The primary shaft dynamics can be described as: 
 𝑇𝐶𝐷(𝑡) − 𝑇𝑝𝑠,𝑏𝑒𝑎(𝑡) −
𝑇𝑠  (𝑡)
𝜏𝐺𝐵(𝑡)
= 𝐽𝑝𝑠,𝑒𝑞?̇?𝑝𝑠(𝑡) (2-10) 
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 𝐽𝑝𝑠,𝑒𝑞 = 𝐽𝑝𝑠 + 𝐽𝑐𝑑,2 (2-11) 
where, 
𝑇𝑝𝑠,𝑏𝑒𝑎(𝑡) is the torque loss induced by the primary shaft bearings.  
𝑇𝑠  (𝑡) is the torque transmitted by the synchronizers.  
𝜏𝐺𝐵(𝑡) is the transmission ratio according to the engaged gear. 
 𝐽𝑝𝑠 is the inertia of the primary shaft.  
𝐽𝑐𝑑,2 is the inertia of the clutch disc (portion located after the damper). 
The bearings that support the transmission shafts introduce a torque loss (namely 
𝑇𝑝𝑠,𝑏𝑒𝑎(𝑡) for the primary shaft, 𝑇𝑠𝑠,𝑝𝑟𝑒 ,𝑏𝑒𝑎(𝑡) and 𝑇𝑠𝑠, 𝑒𝑤,𝑏𝑒𝑎(𝑡) for the secondary 
shafts and 𝑇 𝑑,𝑏𝑒𝑎(𝑡) for the differential) computed as the sum of two contributions: 
Coulomb friction (computed similarly to the friction losses of the clutch damper) 
and viscous damping. 
To model the torsional dynamics of the synchronizers a switching model was 
developed: whenever a gear is engaged, the synchronizer is considered as a gear 
mesh; however, during the speed synchronization of the input and output shaft of 
the transmission, the synchronizer is modeled as a friction element. 
The torque transmitted through the synchronizers when a gear is engaged is 
computed considering constant contact stiffness 𝑘𝑠   and damping 𝑐𝑠  : 
 
𝑇𝑠  (𝑡) =  𝑘𝑠  (
𝜃𝑝𝑠(𝑡)
𝜏𝐺𝐵(𝑡)
− 𝜃𝑠𝑠(𝑡))
+ 𝑐𝑠  (
𝜔𝑝𝑠(𝑡)
𝜏𝐺𝐵(𝑡)
− 𝜔𝑠𝑠(𝑡)) 
(2-12) 
where 𝜃𝑠𝑠(𝑡) and 𝜔𝑠𝑠(𝑡) are the angular position and speed of the secondary 
shaft. As mentioned before, the flexibility of transmission shafts is neglected. This 
implies that the motion of both secondary shafts is the same. 
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Instead, during the synchronization of the primary and secondary shaft, that 
occurs each time a new gear is to be engaged, the torque passing through the 
synchronizer is computed using a dynamic LuGre friction model. 
Note that it is assumed for the AMT that only one synchronizer is transmitting 
torque at any given time. 
The equation governing the secondary shaft motion is: 
 
𝑇𝑠  (𝑡) + 𝑇𝐸𝑀(𝑡)𝜏𝐸𝑀 − 𝑇𝑠𝑠,𝑏𝑒𝑎(𝑡) −
𝑇 𝑑,𝑏𝑒𝑎(𝑡)
𝜏 𝑑
− 2
𝑇 𝑠(𝑡)
𝜏 𝑑
= 𝐽𝑠𝑠,𝑒𝑞?̇?𝑠𝑠(𝑡) 
(2-13) 
 𝑇𝑠𝑠,𝑏𝑒𝑎(𝑡) = 𝑇𝑠𝑠,𝑝𝑟𝑒 ,𝑏𝑒𝑎(𝑡) + 𝑇𝑠𝑠, 𝑒𝑤,𝑏𝑒𝑎(𝑡) (2-14) 
 𝐽𝑠𝑠,𝑒𝑞 = 𝐽𝑠𝑠,𝑝𝑟𝑒 + 𝐽𝑠𝑠, 𝑒𝑤 + 𝐽𝐸𝑀𝜏𝐸𝑀2 + 𝐽𝑃𝑇𝑈 +
𝐽 𝑑
𝜏 𝑑
2  (2-15) 
where, 
 𝑇𝐸𝑀(𝑡) is the torque provided by the EM. 
𝑇 𝑠(𝑡) is the half-shaft torque. 
𝜏𝐸𝑀 is the transmission ratio provided by the PTU. 
𝜏 𝑑 is the final ratio.  
𝐽𝑠𝑠,𝑗 is the inertia of the secondary shaft. 
𝐽𝐸𝑀 is the EM inertia.  
𝐽𝑃𝑇𝑈 is the PTU inertia. 
𝐽 𝑑 is the differential inertia.  
Note that the maximum and minimum value that the EM torque can have are 
estimated as a function of angular speed: 
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 𝑇𝐸𝑀,𝑚𝑎𝑥(𝑡) = 𝑓(𝜔𝐸𝑀(𝑡)) (2-16) 
 𝑇𝐸𝑀,𝑚𝑖 (𝑡) = 𝑓(𝜔𝐸𝑀(𝑡)) (2-17) 
2.1.3.4 DCT and EM 
The same 112 kW synchronous EM used for the AMT variant is connected through 
the PTU to the output of a 6-speed DCT.  
A stick diagram of the DCT is visible in Figure 2-5. This transmission system 
is composed of: 
• A Dual-Clutch Unit (DCU) composed of dry clutches.  
• Two concentric input/primary shafts (the inner one, carrying the odd driving 
gears, and the outer one the even driving gears). 
• Two output/secondary shafts (upper and lower) that are linked to the 
differential ring gear via pinion gears. 
• Synchronizers mounted on the secondary shafts. 
Note that the reverse gear is not represented in the figure. 
 
Figure 2-5. DCT schematic layout. 
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The similar layout seen in Figure 2-5 with respect to that of the AMT depicted 
in Figure 2-4 is due to the fact that the DCT studied here was designed starting from 
it. The fact that one transmission was derived from the other provides the opportunity 
of making a fairer comparison of both systems. Since several components are very 
similar, differences seen in the vehicle dynamic performance are more likely to be 
related to the functioning principle of each transmission technology.    
The dynamics of the primary shafts can be described as: 
 
𝑇𝐶𝐷,𝑝𝑟𝑒 (𝑡) − 𝑇𝑝𝑠,𝑝𝑟𝑒 ,𝑏𝑒𝑎(𝑡) − 𝑇𝑝𝑠,𝑏𝑒𝑎,𝑟𝑒𝑙(𝑡)
−
𝑇𝑠  ,𝑝𝑟𝑒 (𝑡)
𝜏𝑝𝑟𝑒 (𝑡)
= 𝐽𝑝𝑠,𝑝𝑟𝑒 ,𝑒𝑞?̇?𝑝𝑠,𝑝𝑟𝑒 (𝑡) 
(2-18) 
 𝐽𝑝𝑠,𝑝𝑟𝑒 ,𝑒𝑞 = 𝐽𝑝𝑠,𝑝𝑟𝑒 + 𝐽𝑐𝑑,𝑝𝑟𝑒 ,2 (2-19) 
 𝑇𝐶𝐷, 𝑒𝑤(𝑡) − 𝑇𝑝𝑠, 𝑒𝑤,𝑏𝑒𝑎(𝑡) + 𝑇𝑝𝑠,𝑏𝑒𝑎,𝑟𝑒𝑙(𝑡)
−
𝑇𝑠  , 𝑒𝑤(𝑡)
𝜏 𝑒𝑤(𝑡)
= 𝐽𝑝𝑠, 𝑒𝑤,𝑒𝑞?̇?𝑝𝑠, 𝑒𝑤(𝑡) 
(2-20) 
 𝐽𝑝𝑠, 𝑒𝑤,𝑒𝑞 = 𝐽𝑝𝑠, 𝑒𝑤 + 𝐽𝑐𝑑, 𝑒𝑤,2 (2-21) 
where, 
𝑇𝑝𝑠,𝑏𝑒𝑎,𝑟𝑒𝑙(𝑡) is the torque loss introduced by the bearings located between the 
primary shafts.  
𝜏𝑗(𝑡) is the transmission ratio of the DCT.  
𝐽𝑐𝑑,𝑗,2 is the inertia of the clutch disc (part of its total inertia located after the 
damper). 
The torque loss introduced by the DCT bearings is modeled as done for the AMT 
(see section 2.1.3.3). 
Since the synchronizers of the current and oncoming gear are assumed to be 
engaged before the gearshift maneuvers performed with the DCT start, a friction 
model is not needed for these components as it was necessary for the AMT variant. 
Hence, the synchronizers are modeled as a gear mesh with constant stiffness and 
damping: 
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𝑇𝑠  ,𝑗(𝑡) =  𝑘𝑠  (
𝜃𝑝𝑠,𝑗(𝑡)
𝜏𝑗(𝑡)
− 𝜃𝑠𝑠(𝑡))
+ 𝑐𝑠  (
𝜔𝑝𝑠,𝑗(𝑡)
𝜏𝑗(𝑡)
− 𝜔𝑠𝑠(𝑡)) 
(2-22) 
Note that, since the flexibility of transmission shafts is neglected, the motion of 
both secondary shafts is assumed to be the same.    
Finally, the equation governing the secondary shaft motion is: 
 
𝑇𝑠  ,𝑝𝑟𝑒 (𝑡) + 𝑇𝑠  , 𝑒𝑤(𝑡) + 𝑇𝐸𝑀(𝑡)𝜏𝐸𝑀 − 𝑇𝑠𝑠,𝑏𝑒𝑎(𝑡)
−
𝑇 𝑑,𝑏𝑒𝑎(𝑡)
𝜏 𝑑
− 2
𝑇 𝑠(𝑡)
𝜏 𝑑
= 𝐽𝑠𝑠,𝑒𝑞?̇?𝑠𝑠(𝑡) 
(2-23) 
 𝐽𝑠𝑠,𝑒𝑞 = 𝐽𝑠𝑠,𝑝𝑟𝑒 + 𝐽𝑠𝑠, 𝑒𝑤 + 𝐽𝐸𝑀𝜏𝐸𝑀2 + 𝐽𝑃𝑇𝑈 +
𝐽 𝑑
𝜏 𝑑
2  (2-24) 
The EM torque limits are accounted for as explained in section 2.1.3.3.  
2.1.3.5 Half-shafts 
The half-shafts are modelled as linear stiffness and damping elements: 
 
𝑇 𝑠(𝑡) =  𝑘 𝑠 (
𝜃𝑠𝑠(𝑡)
𝜏 𝑑
− 𝜃𝑤(𝑡))
+ 𝑐 𝑠 (
𝜔𝑠𝑠(𝑡)
𝜏 𝑑
− 𝜔𝑤(𝑡)) 
(2-25) 
where, 
𝑘 𝑠 is the half-shafts stiffness. 
𝑐 𝑠 is the half-shafts damping coefficient. 
𝜃𝑤(𝑡) is the angular position of the driving wheels. 
𝜔𝑤(𝑡) is the angular speed of the driving wheels.  
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Note that for simplicity, the motion of the right and left wheel on the same axle 
is considered to be the same. 
2.1.3.6 Wheels 
The developed model has a DOF for each wheel. The Pacejka’96 transient nonlinear 
tire model [70] is used to compute the longitudinal forces exchanged at the 
wheel/road contact. 
The dynamics of a single driving wheel is given by: 
 𝑇 𝑠(𝑡) − 𝐹𝑥,𝐷𝑟(𝑡)𝑟𝑤 − 𝑇𝑟𝑟,𝐷𝑟(𝑡) = 𝐽𝑤?̇?𝑤,𝐷𝑟(𝑡) (2-26) 
Instead, for the driven wheels:  
 𝐹𝑥,𝑑𝑟(𝑡)𝑟𝑤 − 𝑇𝑟𝑟,𝑑𝑟(𝑡) = 𝐽𝑤?̇?𝑤,𝑑𝑟(𝑡) (2-27) 
where, 
𝐹𝑥,𝐷𝑟 and 𝐹𝑥,𝑑𝑟 are the outputs of the tire model. 
 𝑇𝑟𝑟,𝐷𝑟 and 𝑇𝑟𝑟,𝑑𝑟 are the rolling resistance torques. 
?̇?𝑤,𝐷𝑟 and ?̇?𝑤,𝑑𝑟 are the angular acceleration of the wheels. 
𝐽𝑤 is the inertia of a single wheel.  
𝑟𝑤 is the tire radius. 
The rolling resistance torque can be calculated as: 
 𝑇𝑟𝑟,𝑗(𝑡) = 𝐹𝑧,𝑗(𝑡) (𝑐0,𝑟𝑟 + 𝑐1,𝑟𝑟
𝑣2(𝑡)
𝑟𝑤2
) (2-28) 
where, 
𝑐0,𝑟𝑟 and 𝑐1,𝑟𝑟 are the rolling resistance coefficients.  
𝑣(𝑡) is the vehicle longitudinal speed.  
𝐹𝑧,𝑗(𝑡) is the vertical load acting on the tire.  
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Longitudinal load transfer for the estimation of the instantaneous tire vertical 
load is considered. 
2.1.3.7 Vehicle road load 
The vehicle possesses only one DOF, correspondent to the longitudinal motion.  
The vehicle longitudinal dynamics is given by: 
 2𝐹𝑥,𝐷𝑟(𝑡) − 2𝐹𝑥,𝑑𝑟(𝑡) − 𝐹𝑎𝑒𝑟(𝑡) − 𝐹𝑔(𝑡) = 𝑀𝑎(𝑡) (2-29) 
where, 
 𝑀 is the vehicle mass. 
𝑎 is the vehicle longitudinal acceleration.  
𝐹𝑎𝑒𝑟 is the aerodynamic drag force.  
𝐹𝑔 is the road grade force. 
The aerodynamic drag force is computed as a quadratic function of the vehicle 
speed: 
 𝐹𝑎𝑒𝑟(𝑡) =
1
2
𝜌𝑎𝑒𝑟𝐴 𝑐𝑎𝑒𝑟𝑣
2(𝑡) (2-30) 
where, 
𝜌𝑎𝑒𝑟 is the air density. 
𝐴  is the vehicle frontal area. 
𝑐𝑎𝑒𝑟 is the aerodynamic drag coefficient. 
The grade force is calculated as:  
 𝐹𝑔(𝑡) = 𝑀𝑔 𝑠𝑖𝑛(𝛼(𝑡)) (2-31) 
where 𝛼(𝑡) is the road grade angle.  
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Since the road is assumed to be flat the gravitational force 𝐹𝑔 is zero. 
2.2 HEVs modeling for energy management 
Model-based control strategies rely on a suitable mathematical model of the HEV 
powertrain of interest to provide a solution for the energy management problem. 
The level of complexity of the models employed is related to the predefined control 
objectives (see section 4.2.2 for more details). Moreover, plant simulators can also 
be used to assess the effectiveness of EMSs, making them an extremely valuable 
tool for the development of the mentioned control algorithms.  
In this dissertation, since EMSs are studied aiming at minimizing the overall 
fuel consumption at the end of each driving schedule, the main modeling objective 
is to reproduce the most relevant energy flows in the HEV of interest. Hence, a low-
order dynamic model of the powertrain, that considers the principal sources of 
energy dissipation present in the system is developed.   
In this chapter, a detailed description of the model designed for the energy 
management of HEVs is presented. In particular, the estimation of the losses 
encountered in gearshifts and ICE start events is discussed. The structure and 
capabilities of the powertrain of interest are also addressed. The mentioned model 
is used in chapters 5 and 6 for both solving the energy management problem and 
testing the performance of the developed control algorithms.  
2.2.1 Powertrain description 
The vehicle of interest corresponds to the parallel PHEV architecture depicted in 
Figure 2-6. The powertrain consists of an ICE, an EM, a battery pack and a DCT.  
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Figure 2-6. Powertrain layout. 
As explained for the powertrain described in section 2.1, in addition to the 
energy stored during vehicle operation, PHEVs can be recharged by an external 
power source.  
In the PHEV studied, the ICE and the EM are mounted on the same shaft that 
is connected to the transmission input through the DCU. Hence, it is possible to use 
them together to propel the vehicle. Note that the ICE could produce additional 
power with respect to the one required at the wheels in order for the EM to use this 
extra energy to recharge the battery. Moreover, a quick-disconnect dry clutch 
allows to separate the ICE from the wheels. This is particularly attractive when the 
powertrain operates in EV-mode since allows the EM to propel the vehicle without 
having to drag the ICE inertia and compensate for its energy losses.     
Differently from the HEV architecture described in section 2.1, the 
configuration presented in Figure 2-6 does not provide torque-fill capabilities 
during gearshifts maneuvers since the EM is located before the DCU [8]. However, 
given the faster response time of EMs when compared to ICEs [67], this pre-
transmission configuration allows for better speed control of the input side of the 
clutch during gearshifts [8].  
Clutch DCU
Fuel tank
FDEM
Battery
Mech. 
Connection
Fuel energy
Electrical 
energy
DCT
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The main features of the HEV architecture described can be summarized as:  
• Battery pack can be recharged by an external power source. 
• Operation in ICE-only mode is possible.  
• Operation in parallel hybrid mode is possible.  
• Operation in EV-mode can be undertaken with the possibility of 
decoupling the ICE from the wheels. 
• EM enables the possibility of performing regenerative braking.    
• EM allows for better speed control of the input side of the clutch during 
gearshift maneuvers.  
The most relevant powertrain components specifications are shown in Table 
2-2. 
Table 2-2. Powertrain components specifications. 
Component Data 
Vehicle mass 1520 kg 
ICE Gasoline engine, 1.4 L, 110 kW 
EM 75 kW (peak power) 
DCT 6-speed transmission 
Battery Pack Li-ion, 8.8 kWh 
2.2.2 Powertrain model overview  
In this section, an overview of the HEV powertrain model developed for energy 
management purposes is given. The main modelling assumptions and the simulator 
structure are described.  
2.2.2.1 Modeling considerations 
As stated at the beginning of section 2.2, the main modeling objective is to 
reproduce the most relevant energy flows in the vehicle. To accomplish this, quasi-
static models [26] of the powertrain components are used in which the principal 
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sources of energy dissipation are considered. This last remark is important since 
oversimplified models may not be able to distinguish among operating points that 
yield to different levels of energy consumption [71]. 
  A backward quasi-static approach [26] is adopted here for model 
development. The selection of such a modeling technique is explained in the next 
few lines.  
In a backward-looking model, the computations are undertaken inverting the 
physical causality of the system, i.e., the model computes the required input to 
obtain a certain output [43]. For HEV modeling, this implies that the power required 
at the wheels is determined based on the velocity trace and grade profile of a 
predefined driving cycle. The described procedure can be very interesting for the 
development of EMSs since it allows the model to be used for: 
• Assessment and comparison of different EMSs. 
• Development of model-based EMSs (see section 4.2.2). 
By using the mentioned type of simulators, no driver model is needed because 
the driving schedule is assumed to be followed exactly by the vehicle [1]. Quite 
obviously, this can be useful to assess and compare the performance of different 
EMSs in terms of the total energy consumption since simulation results are 
computed for a vehicle that follows the same trace every time. 
On the other hand, considering that in most model-based control techniques it 
is required to estimate the total power needed at the wheels to test several possible 
different ways of fulfilling such request, embedded backward-looking models 
become necessary to perform those calculations [27], [72], [73].   
Whenever a backward simulator is employed, it is required to solve an implicit 
differential equation. The solution of these equations may imply the need for an 
iterative procedure which could be computationally expensive. Hence, backward-
looking simulators are usually built using simplified models [43]. Fortunately, 
quasi-static models have been shown in literature to be appropriate for the 
development of EMSs for HEVs [74]–[76]. According to the quasi-static approach, 
the driving cycle is divided into small time intervals and average values of speed, 
torque, and acceleration are considered. For the model at hand, a time step of 1 s is 
selected, thus neglecting the dynamics faster than 1 Hz [26], [77]. The internal 
dynamics of powertrain components, e.g., ICE, half-shafts, etc., is much faster than 
that of the main energy flows and therefore they are not considered by the model. 
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The following considerations were adopted for the development of a control-
oriented model of the powertrain: 
• Only vehicle longitudinal dynamics is considered. 
• Zero grade is considered.  
• Rigid shafts are assumed.  
• Clutch is modeled as an ideal on/off component, thus neglecting the 
slipping phases except during ICE start events and gearshift maneuvers.   
• Gearshift losses are considered.  
• ICE start losses are considered. 
• Constant gear efficiency is assumed. 
• ICE and EM are modeled using efficiency maps.   
• Battery is modeled using a zero-th order model [26].  
• Constant inverter efficiency is considered. 
• Constant power loss from the DC/DC converter is considered.  
• Constant efficiency is assumed for the DC/DC converter. 
• Regenerative torque is bounded by the vertical load acting on the 
wheels.  
• Mechanical brakes are modeled as ideal torque sources. 
• Powertrain components physical limitations are considered.  
• Powertrain actuators response delay is neglected.  
• Tires are modeled using a perfect rolling model. 
The mentioned modeling considerations are addressed in more detail in the 
remaining sections of this chapter.  
2.2.2.2 Model structure  
A global layout of the model developed is visible in Figure 2-7.  
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Figure 2-7. Powertrain model.  
The ICE torque 𝑇𝐼𝐶𝐸 is applied to the first inertia of the system 𝐽𝐼𝐶𝐸 while the 
EM torque 𝑇𝐸𝑀 is applied to the inertia 𝐽𝐸𝑀. When the powertrain is operating in 
parallel hybrid mode, the power from both power sources is transmitted, after 
torque multiplication according to the total transmission ratio of the engaged gear, 
to the vehicle equivalent inertia 𝐽  through the DCT to satisfy the power request at 
the wheels represented in the figure as the torque 𝑇 .  
As mentioned in section 2.2.1, the quick-disconnect clutch allows to decouple 
the ICE from the rest of the driveline. It is considered as an ideal on/off element 
(engaged/disengaged) except during ICE start events (see section 2.2.5). The same 
applies to the DCU, only during gearshift events the clutches are regarded as 
something more than an element able to modify the number of kinematic DOFs of 
the system (see section 2.2.4). 
A summary of the main model inputs and outputs is presented below.  
Main inputs: 
• Vehicle longitudinal speed. 
• Vehicle longitudinal acceleration. 
• Initial conditions for the state variables. 
• Control inputs: 
o Torque split factor. 
𝐽𝐼𝐶𝐸 𝐽𝐸𝑀
𝑇𝐼𝐶𝐸
𝐽 
𝑇 
𝑇𝐸𝑀
DCU
Clutch
DCT + Differential
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o Gear command.  
o Quick-disconnect clutch command. 
Main outputs: 
• System states: 
o SOC. 
o Gear number. 
o Quick-disconnect clutch state. 
o ICE state. 
o EM torque counter state. 
• Fuel consumption.  
A description of the system states and control inputs is made in section 5.1.  
2.2.3 Powertrain components  
In this section, the modeling of the main powertrain components is described in 
detail. Further information about the models described here can be found in [26].  
2.2.3.1 Vehicle road load  
The vehicle model is designed to account for its longitudinal dynamics. The level 
of complexity of the formulation employed allows to properly estimate the power 
request at the wheels to follow a certain driving schedule. 
If a vehicle is considered as a mass-point, the torque at the wheels 𝑇  necessary 
to drive the system at a certain longitudinal speed 𝑣 and acceleration 𝑎 is: 
 𝑇 (𝑡) = (𝐹𝑟𝑟(𝑡) + 𝐹𝑎𝑒𝑟(𝑡) + 𝐹𝑖 (𝑡) + 𝐹𝑔(𝑡)) 𝑟𝑤 (2-32) 
where 𝐹𝑖 (𝑡) is the inertia force. 
The aerodynamic resistance and road grade forces are computed as in section 
2.1.3. On the other hand, the rolling resistance force is modeled as: 
 𝐹𝑟𝑟(𝑡) = 𝑐𝑟𝑟𝑀𝑔 𝑐𝑜𝑠(𝛼(𝑡)) (2-33) 
where 𝑐𝑟𝑟 is the rolling resistance coefficient. 
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Instead, the inertia force is: 
 𝐹𝑖 (𝑡) = 𝑀𝑎(𝑡) (2-34) 
In order to maximize the regenerative braking action, the torque request to the 
front axle, where the EM is able to act, will only be limited to avoid a demand 
higher than the torque at which the front wheels will lock-up. This torque is given 
by [78]:  
 𝑇 ,𝑚𝑎𝑥(𝑡) = −(
𝑏2
𝑙
𝑀𝑔 −
ℎ
𝑙
𝑀𝑎(𝑡)) 𝜇𝑤 𝑟𝑤 (2-35) 
where, 
𝑙 is the vehicle axle base length.  
𝑏2 is the distance from the vehicle Center Of Gravity (COG) to the rear axle. 
ℎ is the height of the vehicle COG from the ground. 
𝜇𝑤 is the tire/road friction coefficient.  
Therefore, the saturation of the torque request at the front axle can be seen in 
mathematical terms as: 
 𝑇 (𝑡) = {
𝑇 ,𝑚𝑎𝑥(𝑡)  𝑓𝑜𝑟 𝑇 (𝑡) > 𝑇 ,𝑚𝑎𝑥(𝑡)
𝑇 (𝑡) 𝑒𝑙𝑠𝑒
 (2-36) 
2.2.3.2 DCT and differential 
As mentioned in section 2.2.1, the PHEV analyzed for the development of EMSs is 
equipped with a 6-speed DCT. The transmission has a layout which is very similar 
to the one presented in Figure 2-5 and therefore is not shown here.  
For energy analysis, simple gear models that consider transmission ratios and 
constant efficiencies are employed [26]. Given that the speed ratio is established by 
kinematic constraints, a power loss necessarily means a reduction of the torque at 
the output shaft [1].  
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Based on the previous considerations, the following speed relations can be 
established: 
 𝜔𝐺𝐵,𝑜𝑢𝑡(𝑡) = 𝜔𝑤(𝑡)𝜏 𝑑 =
𝑣(𝑡)
𝑟𝑤
𝜏 𝑑 (2-37) 
 𝜔𝐺𝐵,𝑖 𝑝(𝑡) = 𝜔𝐺𝐵,𝑜𝑢𝑡(𝑡)𝜏𝐺𝐵(𝑡) (2-38) 
where, 
𝜔𝐺𝐵,𝑜𝑢𝑡(𝑡) is the angular speed at the DCT output shaft in which the engaged 
gear is located.  
𝜔𝐺𝐵,𝑖 𝑝(𝑡) is the angular speed at the DCT input shaft in which the engaged 
gear is located.  
Regarding the torque multiplication performed by DCT, it can be written for 
the input shaft in which the engaged gear is mounted: 
 𝑇𝐺𝐵,𝑖 𝑝(𝑡) =
𝑇 (𝑡)
𝜏𝐺𝐵(𝑡)𝜏 𝑑
𝜂𝐺𝐵
𝑧(𝑡)𝜂 𝑑
𝑧(𝑡) (2-39) 
 𝑧(𝑡) = { −1          𝑓𝑜𝑟 𝑇 (𝑡) ≥ 0
     1         𝑒𝑙𝑠𝑒
 (2-40) 
where, 
𝜂𝐺𝐵 is the gearbox efficiency. 
𝜂 𝑑 is the final drive efficiency. 
2.2.3.3 EM 
A synchronous EM with a peak power of 75 kW is modeled employing maps of 
torque and efficiency.  The EM inertia is the only dynamic element considered. 
According to the quasi-static approach adopted, the inertia torque is calculated 
at each time step based on an average value of vehicle acceleration as: 
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 𝑇𝐸𝑀,𝑖 (𝑡) =  ?̇?𝐸𝑀(𝑡) 𝐽𝐸𝑀 (2-41) 
where ?̇?𝐸𝑀 is the EM angular acceleration. 
When a gearshift maneuver is not performed, the EM speed is assumed equal 
to the input speed of the DCT, which is directly linked to the wheel speed through 
Eq. (2-37) and Eq. (2-38), i.e.: 
 𝜔𝐸𝑀(𝑡) = 𝜔𝐺𝐵,𝑖 𝑝(𝑡) = 𝜔𝑤(𝑡)𝜏𝐺𝐵(𝑡)𝜏 𝑑 (2-42) 
On the other hand, the average EM speed during gearshift is estimated in a 
different manner, as discussed in section 2.2.4.  
The efficiency of the EM is interpolated from the map presented in Figure 2-8 
as a function of the EM speed 𝜔𝐸𝑀 and torque request 𝑇𝐸𝑀:  
 𝜂𝐸𝑀(𝑡) = 𝑓(𝜔𝐸𝑀(𝑡), 𝑇𝐸𝑀(𝑡)) (2-43) 
 
Figure 2-8. EM efficiency map. 
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Note that the torque request to the EM depends on how the total power request 
is divided among the different energy sources present onboard. This will be a 
subject of discussion in chapter 5.  
Figure 2-8 also allows appreciating the physical limitations of the EM 
considered here: 
• Maximum/Minimum peak torque (see Figure 2-8). 
• Maximum/Minimum continuous torque (see Figure 2-8). 
• Maximum/Minimum angular speed (± 12600 rpm). 
In mathematical terms, the mentioned limits can be expressed as:  
 𝑇𝐸𝑀,𝑚𝑖 (𝑡) ≤ 𝑇𝐸𝑀(𝑡) ≤ 𝑇𝐸𝑀,𝑚𝑎𝑥(𝑡) (2-44) 
 𝜔𝐸𝑀,𝑚𝑖 ≤ 𝜔𝐸𝑀(𝑡) ≤ 𝜔𝐸𝑀,𝑚𝑎𝑥 (2-45) 
where, 
𝑇𝐸𝑀,𝑚𝑖 (𝑡) is the minimum EM torque. 
𝑇𝐸𝑀,𝑚𝑎𝑥(𝑡) is the maximum EM torque. 
𝜔𝐸𝑀,𝑚𝑖  is the minimum EM angular speed. 
𝜔𝐸𝑀,𝑚𝑎𝑥 is the maximum EM angular speed.  
Based on experimental testing results, a constraint for the use of the EM beyond 
its continuous torque limit is considered: if the continuous torque limit is breached 
for 7 consecutive seconds, 13 s must pass before the EM torque can go again above 
its continuous limit. This condition is set to ensure that the EM components operate 
on a desirable temperature range. Accordingly, either the peak or the continuous 
torque limit is enforced.  
The maximum and minimum value to be considered for the EM torque request 
is estimated as a function of angular speed: 
 𝑇𝐸𝑀,𝑚𝑎𝑥(𝑡) = 𝑓 (𝜔𝐸𝑀(𝑡), Τ𝐸𝑀,𝑙𝑖𝑚 (𝑡)) (2-46) 
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 𝑇𝐸𝑀,𝑚𝑖 (𝑡) = 𝑓 (𝜔𝐸𝑀(𝑡), Τ𝐸𝑀,𝑙𝑖𝑚 (𝑡)) (2-47) 
where Τ𝐸𝑀,𝑙𝑖𝑚(𝑡) is a counter used to select whether to enforce the peak or the 
continuous torque limit (see chapter 5).   
Finally, the EM power can be computed as described in Eq. (2-48). Note that, 
for convenience, all the other sources of energy consumption in the electrical path 
are included in the expression. This implies that Eq. (2-48) can also be regarded as 
the power request at battery terminals 𝑃𝑏(𝑡).  
𝑃𝐸𝑀(𝑡) = 𝑃𝑏(𝑡) =
{
𝑇𝐸𝑀(𝑡) 𝜔𝐸𝑀(𝑡) 𝜂𝐸𝑀(𝑡)
𝑧(𝑡)𝜂𝑖  
𝑧(𝑡) + 𝑃𝐷𝐶/𝐷𝐶 + 𝑃𝐷𝐶𝑇,𝑎𝑐𝑡,𝑎 𝑔 + 𝑃𝐷𝐶𝑇,𝑎𝑐𝑡,𝑔𝑠 𝑓𝑜𝑟 𝑔𝑠 = 1
𝑇𝐸𝑀(𝑡) 𝜔𝐸𝑀(𝑡) 𝜂𝐸𝑀(𝑡)
𝑧(𝑡)𝜂𝑖  
𝑧(𝑡) + 𝑃𝐷𝐶/𝐷𝐶  + 𝑃𝐷𝐶𝑇,𝑎𝑐𝑡,𝑎 𝑔 𝑓𝑜𝑟 𝑔𝑠 = 0
  (2-48) 
where,  
𝑔𝑠 is the gearshift status. It is equal to 1 when a gearshift is performed, 
otherwise, it is set to 0.  
𝜂𝑖   is the inverter efficiency.  
𝑃𝐷𝐶/𝐷𝐶 is the power drawn of the DC/DC converter.   
𝑃𝐷𝐶𝑇,𝑎𝑐𝑡,𝑎 𝑔 is the average power drawn of the DCT actuation system.    
𝑃𝐷𝐶𝑇,𝑎𝑐𝑡,𝑔𝑠 is the power consumed by the DCT actuation system each time a 
gearshift is performed.  
In the former equation, 𝑧(𝑡) has the same meaning as in Eq.(2-40), the only 
difference is that it now depends on the sign of 𝑇𝐸𝑀 instead of 𝑇 . 
From an experimental assessment of the power consumption of the DCT 
actuation system, it was concluded that the electric power required during vehicle 
operation could be approximated by an average power drawn 𝑃𝐷𝐶𝑇,𝑎𝑐𝑡,𝑎 𝑔 and a 
component that is only considered when a gearshift is performed 𝑃𝐷𝐶𝑇,𝑎𝑐𝑡,𝑔𝑠.  
A high-pressure accumulator is a fundamental component of the DCT actuation 
system. The mentioned accumulator must be re-filled multiple times during vehicle 
operation by a motor-driven pump. The clutch fill events undertaken during 
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gearshift maneuvers, together with the leakage present in the actuation system, 
represent the main reason why it is necessary to re-fill the high-pressure 
accumulator. In order to account for the power required to perform such operations 
the term 𝑃𝐷𝐶𝑇,𝑎𝑐𝑡,𝑔𝑠 is introduced.    
On the other hand, according to data recorded during vehicle testing, the 
DC/DC converter energy losses can be considered by means of a constant power 
drawn. Furthermore, the efficiency of the inverter was also tuned using 
experimental data.  
2.2.3.4 Battery 
The model of a Li-ion battery pack with a capacity of 8.8 kWh (26.5 Ah) is studied 
in this section.  
In general, the modeling of battery dynamics is not trivial since the main 
variables needed to characterize its behavior, e.g., state of charge, voltage, current, 
etc., are dynamically related to each other in a highly nonlinear fashion [1]. 
Since the main objective of the EMSs developed in chapters 5 and 6 is the 
minimization of the total fuel consumption over a drive mission, the battery model 
must be able to properly estimate the variation of the energy stored during vehicle 
operation [42], [71].  
The state of charge (SOC) is defined as the amount of electrical charge stored 
in the battery relative to the total charge capacity: 
 𝑆𝑂𝐶(𝑡) =
𝑄(𝑡)
𝑄 𝑜𝑚
 (2-49) 
where, 
𝑄 𝑜𝑚 is the nominal charge capacity. 
𝑄(𝑡) is the amount of charge stored.  
The SOC dynamics is given by: 
 𝑆𝑂𝐶̇ (𝑡) =
?̇?(𝑡)
𝑄 𝑜𝑚
= −
𝐼(𝑡)
𝑄 𝑜𝑚
 (2-50) 
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where 𝐼(𝑡) is the battery current.  
Since the current is considered positive during discharge, the minus sign in the 
former equation accounts for the expected reduction in SOC. 
Battery models based on equivalent circuits are preferred for control 
applications [79]. This models the battery current and voltage to the power at battery 
terminals seen by the other powertrain components. For HEVs energy management, 
when fuel consumption reduction is the only objective, a control-oriented zero-th 
order equivalent circuit model [26] has been widely used in literature [42], [60], 
[80].   Figure 2-9 shows a depiction of the mentioned model.  
 
Figure 2-9. Zero-th order equivalent circuit model of the battery.  
Applying Kirchhoff’s voltage law to the circuit shown in Figure 2-9, the battery 
voltage can be written as: 
 𝑉𝑏(𝑡) = 𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) − 𝑅𝑏(𝑆𝑂𝐶(𝑡))𝐼(𝑡) (2-51) 
where, 
𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) is the battery Open Circuit Voltage (OCV). 
𝑅𝑏
𝑉𝑂𝐶 𝑉𝑏𝐼
2-70 Powertrain Modeling 
 
𝑅𝑏(𝑆𝑂𝐶(𝑡)) is the battery internal resistance.  
Hence, the power at battery terminals is: 
 
𝑃𝑏(𝑡) = 𝑉𝑏(𝑡)𝐼(𝑡)
= 𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡))𝐼(𝑡)
− 𝑅𝑏(𝑆𝑂𝐶(𝑡))𝐼
2(𝑡) 
(2-52) 
 
or  
 𝑃𝑏(𝑡) = 𝑉𝑏(𝑡)𝐼(𝑡) = −
𝑉𝑏
2(𝑡) − 𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡))𝑉𝑏(𝑡)
𝑅𝑏(𝑆𝑂𝐶(𝑡))
 (2-53) 
If the current is written as a function of battery power: 
 
𝐼(𝑡)
= 𝜂𝑐𝑜𝑢
𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) − √𝑉𝑂𝐶
2 (𝑆𝑂𝐶(𝑡)) − 4𝑃𝑏(𝑡)𝑅𝑏(𝑆𝑂𝐶(𝑡)) 
2𝑅𝑏(𝑆𝑂𝐶(𝑡))
 
(2-54) 
where the coulombic efficiency 𝜂𝑐𝑜𝑢 is a constant only considered during 
charging.   
The physical limits of the battery must be included in the model in order for it 
to be used for control purposes.  
Eq. (2-53) allows appreciating that the battery power is zero for 𝑉𝑏(𝑡) = 0 and 
𝑉𝑏(𝑡) = 𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)). For voltage values within that range, the power is positive 
and thus its curve has a maximum [26]. Setting to zero the derivate of the battery 
power with respect to the voltage yields a condition for the maximum discharge 
power which can be expressed according to:  
 𝑃𝑏,𝑚𝑎𝑥(𝑆𝑂𝐶(𝑡)) =
𝑉𝑂𝐶
2 (𝑆𝑂𝐶(𝑡))
4𝑅𝑏(𝑆𝑂𝐶(𝑡))
 (2-55) 
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On the other hand, negative power values would increase (in absolute terms) 
indefinitely with the battery voltage [26]. Hence, battery power is limited imposing 
a maximum value for the voltage which can be seen in terms of a minimum charge 
current:   
 𝐼𝑚𝑖 (𝑆𝑂𝐶(𝑡)) =
𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) − 𝑉𝑏,𝑚𝑎𝑥
𝑅𝑏(𝑆𝑂𝐶(𝑡))
 (2-56) 
with the maximum battery voltage,  
 𝑉𝑏,𝑚𝑎𝑥 = 𝑉𝑐𝑒𝑙𝑙,𝑚𝑎𝑥 𝑦𝑠𝑒 (2-57) 
where, 
𝑦𝑠𝑒 is the number of battery cells in series. 
𝑉𝑐𝑒𝑙𝑙,𝑚𝑎𝑥 is the maximum battery cell voltage (4.8 V).  
Therefore, the minimum battery power can be expressed as: 
 
𝑃𝑏,𝑚𝑖 (𝑆𝑂𝐶(𝑡))
= (𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡))
− 𝑅𝑏(𝑆𝑂𝐶(𝑡))𝐼𝑚𝑖 (𝑆𝑂𝐶(𝑡))) 𝐼𝑚𝑖 (𝑆𝑂𝐶(𝑡)) 
(2-58) 
As it can be appreciated in the former set of equations, both the OCV and the 
battery internal resistance are modeled as a function of the SOC [43], [60].  
The internal resistance of the battery pack can be calculated as: 
 𝑅𝑏(𝑆𝑂𝐶(𝑡)) =
{
 
 
 
 
𝑅𝑐𝑒𝑙𝑙,𝑑𝑖𝑠(𝑆𝑂𝐶(𝑡)) 𝑦𝑠𝑒
𝑦𝑝𝑎
𝑓𝑜𝑟 𝑃𝑏 ≥ 0
𝑅𝑐𝑒𝑙𝑙,𝑐 𝑔(𝑆𝑂𝐶(𝑡)) 𝑦𝑠𝑒
𝑦𝑝𝑎
𝑒𝑙𝑠𝑒
 (2-59) 
where, 
𝑅𝑐𝑒𝑙𝑙,𝑑𝑖𝑠(𝑆𝑂𝐶(𝑡)) is the internal resistance of battery cells during discharge.  
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𝑅𝑐𝑒𝑙𝑙,𝑐 𝑔(𝑆𝑂𝐶(𝑡)) is the internal resistance of battery cells during charge.  
𝑦𝑝𝑎 is the number of battery cells in parallel. 
Regarding the OCV, for the entire battery pack can be written that: 
 
𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡))
= {
𝑉𝑂𝐶,𝑐𝑒𝑙𝑙,𝑑𝑖𝑠(𝑆𝑂𝐶(𝑡)) 𝑦𝑠𝑒 𝑓𝑜𝑟 𝑃𝑏 ≥ 0
𝑉𝑂𝐶,𝑐𝑒𝑙𝑙,𝑐 𝑔(𝑆𝑂𝐶(𝑡)) 𝑦𝑠𝑒 𝑒𝑙𝑠𝑒
 
(2-60) 
where, 
𝑉𝑂𝐶,𝑐𝑒𝑙𝑙,𝑑𝑖𝑠(𝑆𝑂𝐶(𝑡)) is the OCV of battery cells during discharge.  
𝑉𝑂𝐶,𝑐𝑒𝑙𝑙,𝑐 𝑔(𝑆𝑂𝐶(𝑡)) is the OCV of battery cells during charge.  
Figure 2-10 shows the variation of the OCV of battery cells with the SOC. 
 
Figure 2-10. Cell OCV. 
Instead, Figure 2-11 presents the cell internal resistance.  
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Figure 2-11. Cell internal resistance. 
2.2.3.5 ICE 
The HEV of interest is equipped with a 1.4 L in-line four-cylinder spark ignition 
gasoline engine with a maximum power output of 110 kW.  
As for the EM, the ICE is modeled using torque and efficiency maps and the 
only dynamic element considered is the ICE inertia.  
The torque needed to accelerate the engine is computed as:  
 𝑇𝐼𝐶𝐸,𝑖 (𝑡) =  ?̇?𝐼𝐶𝐸(𝑡) 𝐽𝐼𝐶𝐸 (2-61) 
When the quick-disconnect clutch is engaged, the ICE speed is assumed equal 
to that of the EM, i.e.,  𝜔𝐼𝐶𝐸(𝑡) = 𝜔𝐸𝑀(𝑡). However, during ICE start events, the 
average speed considered is calculated in a different manner, as discussed in section 
2.2.5.  
The efficiency of the ICE is represented by means of the fuel consumption map 
presented in Figure 2-12 as a function of the ICE speed 𝜔𝐼𝐶𝐸 and torque request 
𝑇𝐼𝐶𝐸:  
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 ?̇? (𝑡) = 𝑓(𝜔𝐼𝐶𝐸(𝑡), 𝑇𝐼𝐶𝐸(𝑡)) (2-62) 
 
Figure 2-12. ICE fuel flow rate map. 
ICE efficiency/consumption maps are built experimentally letting the 
component reach a steady-state condition and measuring power input/output. This 
procedure is repeated for several operating points until the desired map is built. As 
it can be inferred from the way the maps are created, the results obtained may not 
be accurate during transients. Nevertheless, this approach has been widely used 
because it allows to properly estimate fuel consumption during vehicle operation as 
confirmed by experimental experience [81]. The reason behind the effectiveness of 
such a simple model lies on the fact that most of the energy flows in a HEV are 
associated with the slower system dynamics [82]. 
Note that the torque request to the ICE is a control input determined as 
explained in chapter 5.  
Figure 2-12 also allows appreciating the maximum ICE torque as a function of 
speed. The physical limitations of the ICE considered here are: 
• Maximum torque (see Figure 2-12). 
• Minimum torque: cut-off torque (5 Nm). 
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• Maximum angular speed: red line speed (6000 rpm).  
• Minimum angular speed: idle speed (700 rpm). 
In mathematical terms, the mentioned limits can be expressed as:  
 𝑇𝐼𝐶𝐸,𝑚𝑖 ≤ 𝑇𝐼𝐶𝐸(𝑡) ≤ 𝑇𝐼𝐶𝐸,𝑚𝑎𝑥(𝑡) (2-63) 
 𝜔𝐼𝐶𝐸,𝑖𝑑𝑙𝑒 ≤ 𝜔𝐼𝐶𝐸(𝑡) ≤ 𝜔𝐼𝐶𝐸,𝑚𝑎𝑥 (2-64) 
where, 
𝑇𝐼𝐶𝐸,𝑚𝑖  is the minimum ICE torque. 
𝑇𝐼𝐶𝐸,𝑚𝑎𝑥(𝑡) is the maximum ICE torque. 
𝜔𝐼𝐶𝐸,𝑖𝑑𝑙𝑒 is the ICE idle speed. 
𝜔𝐼𝐶𝐸,𝑚𝑎𝑥 is the maximum ICE angular speed.  
The maximum torque available from the ICE and its drag torque can be 
interpolated from the data indicated in Figure 2-12:  
 𝑇𝐼𝐶𝐸,𝑚𝑎𝑥(𝑡) = 𝑓(𝜔𝐼𝐶𝐸(𝑡)) (2-65) 
 𝑇𝐼𝐶𝐸,𝑑𝑟𝑎𝑔(𝑡) = 𝑓(𝜔𝐼𝐶𝐸(𝑡)) (2-66) 
2.2.4 DCT gearshift losses modeling 
As it will be addressed later in section 4.7, frequently requesting transient events, 
such as gearshifts and ICE starts, negatively affects drive quality. The approach 
generally used to reduce the frequency and overall number of gearshifts maneuvers, 
resulting from the implementation of a certain EMS, is to introduce into the control 
algorithm a fixed cost associated to them [64], [65]. On the other hand, some studies 
have used physical considerations to achieve that same objective. For example, in 
[66] the energy losses of undertaking a gearshift process are computed for a HEV 
equipped with an AMT.  
Properly accounting for the energy needed to perform gearshift operations 
allows to develop control strategies in which these maneuvers are undertaken when 
it is convenient in terms of the overall energy consumption with the extra benefit of 
2-76 Powertrain Modeling 
 
having an EMS that is not characterized by a gear hunting behavior that would have 
negative effects on vehicle drivability.  
In this section, a simplified approach to estimate the energy losses when 
changing gears in the DCT of interest is described. This modeling of the energy 
dissipated is implemented into the EMSs developed in chapters 5 and 6 which, to 
the best of the author’s knowledge, has not been done in previous studies for this 
type of transmissions.   
2.2.4.1 Model overview  
The estimation of the energy losses associated to gearshifts relies on a simplified 
model of the powertrain of interest. The same modeling assumptions discussed in 
section 2.2.2.1 apply, thus allowing to compute the energy dissipation of gearshift 
maneuvers without considerably increasing the computational burden of the 
calculations. In particular, it is worth mentioning that when solving the optimal 
control problem at hand by means of DP or ECMS, as explained in sections 4.4 and 
4.6, several solution candidates are tested at each iteration, therefore, it is 
convenient to have tools that allow to perform each of these calculations as fast as 
possible while maintaining the desired level of accuracy.      
A summary of the main inputs and outputs of the model developed to estimate 
the gearshift losses is presented below.  
Main inputs: 
• Torque request at the wheels. 
• Vehicle speed. 
• Vehicle acceleration.  
• Oncoming gear number. 
• Offgoing gear number. 
Main outputs: 
• EM speed.  
• Total torque request to powertrain components. 
In the following paragraphs, the mathematical formulation used is presented 
and then the assumptions made regarding the speed and torque trajectories of the 
DCT components are described.  
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2.2.4.2 Energy request calculation  
In this paragrahp, the set of equations needed to estimate the energy request to the 
powertrain actuators during gearshifts is presented. The speed profiles of the EM 
and the two clutches togheter with the torque profiles of each clutch are assumed to 
be known inputs for the expressions presented in this section.   
The simplified powertrain model for energy analysis shown in Figure 2-7 is 
used in Figure 2-13 to illustrate the calculations performed. 
 
Figure 2-13. Powertrain model: gearshifts energy request.  
Based on the developed model, the total torque passing through the DCU 𝑇𝑐(𝑡) 
and the torque applied to the wheels 𝑇 𝑠(𝑡) can be written as: 
 𝑇𝑐(𝑡) = 𝑇𝑐,𝑝𝑟𝑒 (𝑡) + 𝑇𝑐, 𝑒𝑤(𝑡) (2-67) 
 𝑇 𝑠(𝑡) = 𝑇𝑐,𝑝𝑟𝑒 (𝑡)𝜏𝑡𝑜𝑡,𝑝𝑟𝑒 (𝑡) + 𝑇𝑐, 𝑒𝑤(𝑡)𝜏𝑡𝑜𝑡, 𝑒𝑤(𝑡) (2-68) 
where, 
𝑇𝑐,𝑝𝑟𝑒 (𝑡) is the torque passing by the offgoing clutch. 
𝑇𝑐, 𝑒𝑤(𝑡) is the torque passing by the incomimg clutch. 
𝜏𝑡𝑜𝑡,𝑝𝑟𝑒 (𝑡) is the total transmission ratio according to the offgoing gear. 
𝜏𝑡𝑜𝑡, 𝑒𝑤(𝑡) is the total transmission ratio according to the oncoming gear. 
The total transmission ratios are computed as: 
𝐽𝐼𝐶𝐸 𝐽𝐸𝑀
𝑇𝐼𝐶𝐸
𝐽 
𝑇 
𝑇𝐸𝑀
𝜏𝑡𝑜𝑡,𝑝𝑟𝑒 
𝜏𝑡𝑜𝑡, 𝑒𝑤
𝑇𝑐, 𝑒𝑤
𝑇𝑐,𝑝𝑟𝑒 
𝑄𝐷𝑥 = 1
or
𝑄𝐷𝑥 = 0
2-78 Powertrain Modeling 
 
 𝜏𝑡𝑜𝑡,𝑝𝑟𝑒 (𝑡) = 𝜏𝑝𝑟𝑒 (𝑡)𝜏 𝑑 (2-69) 
 𝜏𝑡𝑜𝑡, 𝑒𝑤(𝑡) = 𝜏 𝑒𝑤(𝑡)𝜏 𝑑 (2-70) 
Moreover, the total inertia torque considered depends on whether or not the 
quick-disconect clutch status 𝑄𝐷𝑥 is open (𝑄𝐷𝑥 = 0) or closed (𝑄𝐷𝑥 = 1), thus it 
can be written:  
 𝑇𝑖 ,𝑡𝑜𝑡(𝑡) = {
𝑇𝐼𝐶𝐸,𝑖 (𝑡) + 𝑇𝐸𝑀,𝑖 (𝑡) 𝑓𝑜𝑟 𝑄𝐷𝑥 = 1
𝑇𝐸𝑀,𝑖 (𝑡) 𝑒𝑙𝑠𝑒
 (2-71) 
From the power equilibrium at the two clutches the following expressions are 
found: 
 
𝑇𝑐,𝑝𝑟𝑒 (𝑡)𝜔𝐸𝑀(𝑡)
= 𝑇𝑐,𝑝𝑟𝑒 (𝑡)𝜔𝑐,𝑝𝑟𝑒 (𝑡) + 𝑃𝑐,𝑝𝑟𝑒 ,𝑙𝑜𝑠𝑠(𝑡) 
(2-72) 
 𝑇𝑐, 𝑒𝑤(𝑡)𝜔𝐸𝑀(𝑡)
= 𝑇𝑐, 𝑒𝑤(𝑡)𝜔𝑐, 𝑒𝑤(𝑡) + 𝑃𝑐, 𝑒𝑤,𝑙𝑜𝑠𝑠(𝑡) 
(2-73) 
Note that in Eq. (2-72) and Eq. (2-73) the fact that 𝜔𝐸𝑀(𝑡) ≠ 𝜔𝑐,𝑗(𝑡) implicates 
that a certain amount of energy is dissipated. Hence, 𝑃𝑐,𝑝𝑟𝑒 ,𝑙𝑜𝑠𝑠(𝑡) and 
𝑃𝑐, 𝑒𝑤,𝑙𝑜𝑠𝑠(𝑡) represent the slip power losses of each of the two clutches which in 
general can be computed based on the clutch slip velocity 𝜔𝑐,𝑗,𝑠𝑙𝑖𝑝(𝑡) as:  
 𝑃𝑐,𝑗,𝑙𝑜𝑠𝑠(𝑡) = 𝜔𝑐,𝑗,𝑠𝑙𝑖𝑝(𝑡)𝑇𝑐,𝑗(𝑡) (2-74) 
Finally, the total power request can be expressed as: 
 𝑃𝑡𝑜𝑡,𝑔𝑠(𝑡) = 𝑇𝑖 ,𝑡𝑜𝑡(𝑡)𝜔𝐸𝑀(𝑡) + 𝑇𝑐(𝑡)𝜔𝐸𝑀(𝑡) (2-75) 
In Eq. (2-75) all the variables needed to compute the total power request are 
known since thanks to the torque and speed profiles assumed 𝑇𝑖 ,𝑡𝑜𝑡(𝑡) and 𝑇𝑐(𝑡) 
can be found trhough Eq. (2-71) and Eq. (2-67) respectevely. Hence, the total 
energy request is determined by integration: 
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 𝐸𝑡𝑜𝑡,𝑔𝑠(𝑡) =  ∫ 𝑃𝑡𝑜𝑡,𝑔𝑠(𝑡) 𝑑𝑡
Τ𝑠
0
 (2-76) 
Based on the overall energy needed to perform the gearshift maneuver, a mean 
torque request is elaborated and sent to the EMS in place which has the task of 
deciding how to divide it among the onboard power generation devices. Hence, the 
total torque request is: 
 
𝑇𝑡𝑜𝑡,𝑔𝑠(𝑡) =
𝐸𝑡𝑜𝑡,𝑔𝑠(Τ𝑠)
Τ𝑠
?̅?𝐸𝑀
 (2-77) 
where ?̅?𝐸𝑀 is the mean speed of the EM during the gearshift process. As 
mentioned in section 2.2.3.3, this value will be considered for 𝜔𝐸𝑀(𝑡) instead of 
the speed computed in Eq. (2-42) each time a gearshift is requested by an EMS.  
In the next paragraph, simulation results for downshift and upshift maneuvers 
are presented. This will allow to illustrate the assumptions made regarding the speed 
and torque trajectories of DCT components during both types of gearshifts. 
2.2.4.3 Simulation results 
Upshift and downshift maneuvers in DCTs are addressed in detail in chapter 3 
where the level of complexity of the dynamic models described in section 2.1 
enables their use for vehicle drivability assessment.  
According to the quasi-static approach adopted for energy management 
purposes, a constant vehicle acceleration is assumed at each time step and shaft 
flexibility is neglected. Keeping in mind these modeling considerations and the 
observations made in chapter 3, the gearshift process is simplified here to obtain 
toque and speed profiles for the DCT components that allow to easily compute the 
energy consumption resulting from upshift and downshift maneuvers.   
Downshifts  
Figure 2-14 illustrates a 2nd to 1st downshift process. Since rigid shafts are 
assumed, the velocity of both clutches is given by the wheel speed. Furthermore, 
another linear profile is assumed for the EM shaft (DCU input shaft) considering 
that, at the end of the inertia phase, its speed increases until a small positive slip 
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velocity (5 rad/s) is reached. This allows to transmit positive power through both 
clutches during the torque phase.  
 
Figure 2-14. Gearshift speed profiles: downshift. 
On the other hand, in Figure 2-15 the torque passing through the clutches is 
presented. During the inertia phase, the oncoming clutch is completely open and 
the torque requested at the wheels is transmitted by the offgoing clutch. Instead, 
during the torque phase, the latter is completely disengaged while the other is 
closed. Note that the torque trajectories assumed for the second part of the gearshift 
process are computed in order to satisfy the power request at the wheels at all times.  
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Figure 2-15. Gearshift torque profiles: downshift. 
Based on the speed and torque profiles presented in the last two figures, it is 
possible to compute the energy consumed during the gearshift process using the set 
of equations provided in section 2.2.4.2. Figure 2-16 illustrates how this energy is 
distributed. It can be appreciated that the amount of energy dissipated due to clutch 
slip is not negligible. For this maneuver, it is slightly higher than the one needed to 
accelerate the powertrain components. 
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Figure 2-16. Gearshift energy: downshift. 
Upshifts  
Figure 2-17 depicts a 1st to 2nd upshift maneuver. Again, the velocity of the 
clutches can be estimated based on the wheel speed. On the other hand, during the 
torque phase, which happens before the inertia phase for an upshift, a small constant 
positive slip velocity (5 rad/s) is assumed for the EM shaft. Once the offgoing clutch 
is fully disengaged (see Figure 2-18), this speed is set to decrease linearly until it 
matches that of the oncoming clutch.    
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Figure 2-17. Gearshift speed profiles: upshift. 
Besides the fact that the torque and inertia phase happen in a different order, 
the same considerations made for downshifts regarding the torque passing through 
the clutches still apply. Figure 2-18 presents the assumed torque profiles.  
 
Figure 2-18. Gearshift torque profiles: upshift. 
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As shown in Figure 2-19, the need to decrease the speed of the EM shaft helps 
on reducing the total energy requested. 
 
Figure 2-19. Gearshift energy: upshift. 
A final remark is made here regarding the torque request at the wheels. Note 
that according to the speed profiles assumed for upshifts and downshifts, only 
positive torque can be transmitted through both clutches. To avoid complicating the 
calculations needed to determine the energy consumption of gearshifts, it is 
assumed that a negative torque request at the wheels will be provided by the 
mechanical brakes if a gearshift is being performed (𝑇𝑐(𝑡) = 0), i.e., regenerative 
braking with the EM is not possible during gearshifts. The implications of this fact 
are addressed in chapter 5.  
2.2.5 ICE start losses modeling  
As discussed in section 2.2.4 for gearshift maneuvers, requesting frequent transient 
events should be avoided since, in addition to deteriorate the vehicle drivability, 
there is an energy loss associated to them. This observation also applies to ICE 
starts.  
Properly accounting for the energy needed to start the ICE enables model-based 
EMSs to determine when it is more convenient to perform these operations in order 
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to minimize fuel consumption. A similar approach to the one proposed in [66] is 
described here to estimate the amount of energy employed during ICE start events.  
2.2.5.1 Model overview  
The modeling of the energy required to start the ICE was performed with the 
objective of integrating this calculation into EMSs for HEVs. Hence, the level of 
complexity of the computations involved is limited based on a compromise between 
the necessity of evaluating several solution candidates to the energy management 
problem at hand and the desire to properly estimate the amount of energy being 
used. 
The ICE start losses calculation is done dividing the whole process into two 
consecutive phases: 
• Phase I: Accelerate the ICE to idle speed.  
• Phase II: ICE and EM speed match.  
Each of these phases is addressed in the next paragraph.  
For simplicity, the following assumptions are made for ICE starts:  
• There won’t be a gearshift in the same time step in which the ICE is 
started.  
• The ICE cannot be used to satisfy the torque request at the wheels 
during its start process.  
 A summary of the main inputs and outputs of the model for ICE start losses 
estimation is presented below.  
Main inputs: 
• Vehicle speed. 
• Vehicle acceleration.  
• Gear number. 
Main outputs: 
• ICE speed.  
• Torque request to ICE. 
• Extra torque request to EM. 
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In the following paragraphs, the mathematical formulation used is presented 
and then simulation results are provided to illustrate how the ICE start process is 
being modeled.   
2.2.5.2 ICE start phases   
Each of the two phases in which the ICE start process is divided are described in 
this section. As for the gearshift losses modeling, assumptions are made regarding 
the speed profiles of powertrain components (see section 2.2.5.4). For this reason, 
the speed of the ICE and the EM are considered as inputs for the equations presented 
here.   
Phase I: Accelerate the ICE to idle speed  
Since in the powertrain of intrest there is not a conventional starter, the ICE needs 
to be accelerated by the torque passing trough the quick-disconet clutch until its 
idle speed is reached (𝑃𝐼𝐶𝐸(𝑡) = 0 during this phase). This implies that the EM will 
be providing the necessary power. 
The set of equations needed to model the first phase of the ICE start process is 
presented bellow. The expressions are written assuming positive slip velocity in the 
quick-disconnect clutch when the EM is spining faster than the ICE.  
Since the ICE is off, its dynamics is given by: 
 𝐽𝐼𝐶𝐸?̇?𝐼𝐶𝐸(𝑡) = 𝑇𝑄𝐷(𝑡) − 𝑇𝐼𝐶𝐸,𝑑𝑟𝑎𝑔(𝑡) (2-78) 
Considering that the quick-disconet clutch is slipping during this phase, the 
following expression holds for the torque transmitted through it: 
 𝑇𝑄𝐷(𝑡) = 𝑇𝑜,𝑄𝐷(𝑡) 𝑠𝑔𝑛(𝜔𝐸𝑀(𝑡) − 𝜔𝐼𝐶𝐸(𝑡)) (2-79) 
with 𝑇𝑜,𝑄𝐷(𝑡) being the clutch transmissible torque.  
Note that the speed of the EM needs to be higher than that of the ICE for 
positive torque to be passing through the quick-disconnet clutch. 
From the power equilibrium at the quick-disconet clutch, the power loss due to 
clutch slipping can be computed from: 
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 𝑇𝑄𝐷(𝑡)𝜔𝐸𝑀(𝑡) = 𝑇𝑄𝐷(𝑡)𝜔𝐼𝐶𝐸(𝑡) + 𝑃𝑄𝐷,𝑙𝑜𝑠𝑠(𝑡) (2-80) 
The extra power request to the EM (to be added to the torque needed to move 
the vehicle) is determined using the next expression in which 𝑇𝑄𝐷(𝑡) is calculated 
from Eq. (2-78) based on the speed profile assumed for the ICE. 
 𝑃𝐸𝑀,𝑒𝑠(𝑡) = 𝑇𝑄𝐷(𝑡)𝜔𝐸𝑀(𝑡) (2-81) 
Phase II: ICE and EM speed match   
Since by the beginning of phase II the ICE has reached its idle speed, this 
component could be used to speed match itself with the EM. Hence, the ICE 
dynamics is described as: 
 𝐽𝐼𝐶𝐸?̇?𝐼𝐶𝐸(𝑡) = 𝑇𝑄𝐷(𝑡𝑝1, ) + 𝑇𝐼𝐶𝐸(𝑡) − 𝑇𝐼𝐶𝐸,𝑑𝑟𝑎𝑔(𝑡) (2-82) 
with 𝑡𝑝1  being the time length of phase I.  
The quick-disconnect clutch transmissible torque is kept constant until the 
speed of the EM and the ICE are equal, afterwards it is fully closed. Therefore, the 
power requests to the system prime movers are:  
 𝑃𝐼𝐶𝐸(𝑡) = 𝑇𝐼𝐶𝐸(𝑡)𝜔𝐼𝐶𝐸(𝑡) (2-83) 
 𝑃𝐸𝑀,𝑒𝑠(𝑡) = 𝑇𝑄𝐷(𝑡𝑝1, )𝜔𝐸𝑀(𝑡) (2-84) 
where 𝑇𝐼𝐶𝐸(𝑡) is computed using Eq. (2-82). 
In case the torque passing through the clutch at the end of phase I is higher than 
the torque required for the speed match, instead of opening the clutch again (to keep 
𝑇𝐼𝐶𝐸(𝑡) higher than zero), the ICE start process is undertaken using the EM, i.e.: 
 𝐽𝐼𝐶𝐸?̇?𝐼𝐶𝐸(𝑡) = 𝑇𝑄𝐷(𝑡) − 𝑇𝐼𝐶𝐸,𝑑𝑟𝑎𝑔(𝑡) (2-85) 
 𝑃𝐼𝐶𝐸(𝑡) = 0 (2-86) 
 𝑃𝐸𝑀,𝑒𝑠(𝑡) = 𝑇𝑄𝐷(𝑡)𝜔𝐸𝑀(𝑡) (2-87) 
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2.2.5.3 Energy request calculation 
In adition to the power requested at the wheels, a certain amount of energy is needed 
from the EM during ICE starts that can be estimated as: 
 𝐸𝐸𝑀,𝑒𝑠(𝑡) =  ∫ 𝑃𝐸𝑀,𝑒𝑠(𝑡) 𝑑𝑡
Τ𝑠
0
 (2-88) 
from which a mean torque is computed: 
 
𝑇𝐸𝑀,𝑒𝑠(𝑡) =
𝐸𝐸𝑀,𝑒𝑠(Τ𝑠)
Τ𝑠
?̅?𝐸𝑀
 (2-89) 
where ?̅?𝐸𝑀 is the mean speed of the EM that can be derived from the wheel 
speed trhough the total gear ratio. 
On the other hand, the total energy request to the ICE is: 
 𝐸𝐼𝐶𝐸(𝑡) =  ∫ 𝑃𝐼𝐶𝐸(𝑡) 𝑑𝑡
Τ𝑠
0
 (2-90) 
The mean total torque request to the ICE is then: 
 
𝑇𝐼𝐶𝐸(𝑡) =
𝐸𝐼𝐶𝐸(Τ𝑠)
Τ𝑠
?̅?𝐼𝐶𝐸
 (2-91) 
where ?̅?𝐼𝐶𝐸 is the mean speed of the ICE. As mentioned in section 2.2.3.5, this 
value will be considered for 𝜔𝐼𝐶𝐸(𝑡) each time an ICE start is requested by an EMS. 
In the next paragraph, simulation results are presented that will allow to 
illustrate the modeling of the ICE start process and the speed profiles assumed.  
2.2.5.4 Simulation results  
An ICE start process realized in 2nd gear is described here. Figure 2-20 shows the 
speed profiles of the ICE and the EM. For the ICE, a linear speed trajectory is 
assumed, that goes from zero to idle speed during phase I and from there to the EM 
speed at the end of the current time step.   
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Figure 2-20. ICE start speed profiles. 
Figure 2-21 shows how the total energy request is being distributed. The EM 
provides most of the energy while the ICE is used only in phase II. As in the 
gearshift simulation results presented in section 2.2.4, the energy dissipation due to 
clutch slip is not negligible.  
 
Figure 2-21. ICE start energy. 
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2.3 Summary 
In this chapter, the modeling work undertaken in this dissertation is addressed in 
detail. The structure and capabilities of both the HEV powertrain architectures of 
interest are also described. The models here developed are designed to serve as a 
tool for one of these two main tasks: 
• Vehicle dynamic performance assessment. 
• Energy management of HEV. 
For the assessment of gearshift quality and its impact on drivability, a nonlinear 
dynamic model of a series-parallel PHEV is developed. Two variants of this 
powertrain are studied, the main difference between them is in the type of 
transmission employed: AMT or DCT. In both vehicles, an EM is connected to the 
driveshaft through a mechanical coupler. This configuration enables full or partial 
compensation of the torque gap during gearshifts if the EM torque is properly 
managed as explained in chapter 3 where the model is used for the development of 
gearshift control strategies.  
 
In the model, the compliance and damping of the main powertrain components 
is accounted for. Moreover, due to the way in which clutches and synchronizers are 
simulated, the models are able to deal with the change in the number of driveline 
kinematic DOF due to variations in the clutch status (engaged/disengaged) or in the 
synchronizers position. Thanks to these features, the first torsional mode of the 
driveline is correctly estimated and an assessment of the vehicle drivability during 
gearshift maneuvers can be conducted.  
On the other hand, a low-order dynamic model of a parallel PHEV that 
considers the principal sources of energy dissipation present in the system is also 
developed. The mentioned model is used in chapters 5 and 6 for both solving the 
energy management problem and testing the performance of the designed control 
algorithms.  
A backward quasi-static approach is adopted here to develop models for energy 
management purposes. This type of models is useful to assess and compare the 
performance of different control strategies in terms of the total energy consumption 
since simulation results are computed for a vehicle that follows the same trace every 
time. Moreover, considering that in most model-based control techniques it is 
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required to estimate the total power needed at the wheels to test several possible 
different ways of fulfilling such request, embedded backward-looking models 
become necessary to perform those calculations 
Properly accounting for the energy needed to perform gearshift and ICE start 
operations allows to develop control strategies in which these maneuvers are 
undertaken when it is convenient in terms of the overall energy consumption with 
the extra benefit of having an EMS in which transient events are not frequently 
requested. As explained in this chapter, that would have negative effects on vehicle 
drivability. Therefore, a simplified approach to estimate the energy losses when 
changing gears in the DCT of interest is developed. This modeling of the energy 
dissipated is implemented into the EMSs developed in chapters 5 and 6 which, to 
the best of the author’s knowledge, has not been done in previous studies for this 
type of transmissions. Furthermore, the model designed for the estimation of the 
energy consumption during ICE start events is also described. As for the gearshift 
losses, this model was integrated into the EMSs studied.  
  
 
Chapter 3 
3. Gearshift Control Strategies for 
Hybrid Electric Vehicle 
Powertrains Equipped with 
Automated Manual 
Transmissions or Dual-Clutch 
Transmissions  
3.1 Metrics for gearshift quality assessment 
The gearshift process must satisfy several and often conflicting requirements, e.g. 
short duration, smooth engagement and minimization of energy dissipation [7], [8]. 
Several previous studies have investigated gearshift quality for conventional and 
hybrid powertrains using a series of different metrics [24], [83], [84]. 
Considering the increasing demand for improved vehicle dynamic performance 
and reduced energy consumption that the automotive industry has experienced in 
recent years, the metrics employed in this dissertation to assess gearshift quality are 
selected to allow an objective evaluation of the developed control strategies 
performance regarding the fulfillment of the mentioned requirements. 
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In the following paragraphs each of the metrics used are described. 
3.1.1 Shift comfort  
Generally speaking, longitudinal acceleration is the main parameter used to 
evaluate vehicle drivability [36]. During gearshifts, the vehicle longitudinal 
acceleration variation should be as smooth as possible. Hence, the metric used to 
judge drive comfort will be jerk, i.e., the derivative of acceleration [85], as done in 
[15], [8].  
When evaluating vehicle drivability using its longitudinal acceleration, the 
usual practice is to only consider frequencies equal or lower than 10 Hz [86], [87]. 
This can be justified by the fact that the different parts of the human body have 
resonant frequencies in the 1 to 10 Hz range [88].   
Based on the previous considerations, a filter is applied to the vehicle 
longitudinal acceleration before computing jerk. The filter used is a 3rd order 
lowpass digital Butterworth filter with a cutoff frequency of 10 Hz. Once jerk is 
computed, it is used to calculate the two parameters considered here to assess shift 
comfort: 
• Jerk Root Mean Square (RMS) value: 𝐽𝑒𝑟𝑘𝑅𝑀𝑆. 
• Maximum and minimum jerk peak difference: 𝐽𝑒𝑟𝑘𝑚𝑎𝑥/𝑚𝑖 . 
The Jerk RMS value has been used in several studies to evaluate the effects of 
gearshift control strategies on vehicle drivability [19], [23]. This parameter can be 
computed as: 
 𝐽𝑒𝑟𝑘𝑅𝑀𝑆(𝑡) = √
1
𝑡 
∫ 𝐽𝑒𝑟𝑘2(𝑡) 𝑑𝑡
𝑡𝑓
𝑡0
 (3-1) 
where, 
𝐽𝑒𝑟𝑘(𝑡) is the derivative of the vehicle longitudinal acceleration. 
𝑡  is the final time. 
𝑡0 is the initial time. 
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In addition, another parameter used to assess the overall smoothness of the 
vehicle longitudinal acceleration is the maximum and minimum jerk peak 
difference seen during the entire gearshift process [15], i.e.: 
 𝐽𝑒𝑟𝑘𝑚𝑎𝑥/𝑚𝑖  = 𝐽𝑒𝑟𝑘𝑚𝑎𝑥 − 𝐽𝑒𝑟𝑘𝑚𝑖  (3-2) 
 𝐽𝑒𝑟𝑘𝑚𝑎𝑥 is the maximum jerk value. 
𝐽𝑒𝑟𝑘𝑚𝑖  is the minimum jerk value. 
3.1.2 Vehicle performance 
In terms of vehicle performance, it is desirable to complete the gearshift maneuver 
as fast as possible while satisfying the torque request expressed by the driver. 
Hence, three parameters are considered to assess the vehicle performance:   
• Gearshift duration: 𝑡𝑔𝑠. 
• Mean vehicle longitudinal acceleration: ?̅?. 
• Mean torque error: ?̅?𝑤,𝑒𝑟𝑟. 
To quantify how well is the torque request at the wheels being satisfied, the 
absolute difference between this value and the total torque at the transmission 
output reported at the wheels is computed as a percentage of the torque request. i.e.: 
 𝑇𝑤,𝑒𝑟𝑟(𝑡) = |
𝑇𝑤,𝑟𝑒𝑞(𝑡) − 𝑇𝑤,𝑡𝑜𝑡(𝑡)
𝑇𝑤,𝑟𝑒𝑞(𝑡)
| 100 (3-3) 
where, 
𝑇𝑤,𝑟𝑒𝑞(𝑡) is the torque request at the wheels. 
𝑇𝑤,𝑡𝑜𝑡(𝑡) is the total torque at the transmission output reported at the wheels. 
Note that a higher 𝑇𝑒𝑟𝑟 means worse performance. Once this value is calculated, 
the mean can be taken and used to assess the gearshift performance.  
As explained in section 2.1, two variants of the same powertrain are studied in 
this chapter. The main difference between the two is in the transmission system 
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employed: AMT or DCT. In Eq. (3-3), the total torque at the gearbox output 
reported at the wheels must be computed differently for each transmission layout. 
For the powertrain variant with the AMT, it can be written: 
 𝑇𝑤,𝑡𝑜𝑡(𝑡) = (𝑇𝑐(𝑡)𝜏𝐺𝐵(𝑡) + 𝑇𝑠  (𝑡) + 𝑇𝐸𝑀(𝑡)𝜏𝐸𝑀)𝜏 𝑑 (3-4) 
where, 
𝜏 𝑑 is the final ratio. 
𝜏𝐺𝐵(𝑡) is the transmission ratio of the current engaged gear. 
𝜏𝐸𝑀 is the gear ratio of the mechanical coupler (see section 2.1.1).  
𝑇𝑐(𝑡) is the torque passing by the clutch.   
𝑇𝐸𝑀(𝑡) is the EM torque.  
𝑇𝑠  (𝑡) is the torque transmitted through the synchronizers.  
Instead, for the DCT variant: 
 𝑇𝑤,𝑡𝑜𝑡(𝑡) =  (∑𝑇𝑐,𝑗(𝑡)
𝑗
𝜏𝑗 + 𝑇𝐸𝑀(𝑡)𝜏𝐸𝑀)𝜏 𝑑 (3-5) 
where, 
𝑗 is the index identifying each transmission path (see section 2.1.3.4). 
𝜏𝑗(𝑡) is the transmission ratio of either the oncoming or the offgoing gear.  
𝑇𝑐,𝑗(𝑡) is the torque passing by each clutch.  
3.1.3 Shift efficiency  
Energy dissipation in the form of heat during clutch slip should be limited to reduce 
fuel consumption and increase component life. Several control algorithms with the 
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objective of minimizing this form of energy dissipation during gearshift maneuvers 
can be found in literature [18], [20], [24], [25]. 
In the present work, the total clutch energy loss is considered as a parameter to 
assess shift efficiency. The energy dissipated by the clutch(es) is computed as the 
integral of the power loss: 
 𝐸𝑐,𝑙𝑜𝑠𝑠(𝑡) =  ∫ ∑𝑇𝑐,𝑗(𝑡)𝜔𝑐,𝑠𝑙𝑖𝑝,𝑗(𝑡)
𝑗
𝑑𝑡
𝑡𝑓
𝑡0
 (3-6) 
where 𝜔𝑐,𝑠𝑙𝑖𝑝,𝑗(𝑡) is the clutch angular slip velocity.  
Note that this parameter is also a measure of durability (clutch wear). 
3.1.4 Torque fill energy consumption 
As explained in section 2.1.1, in the PHEV of interest, an EM is connected to the 
driveshaft through a mechanical coupler. This configuration enables full or partial 
compensation of the torque gap during gearshifts if the EM torque is properly 
controlled [20], [21]. 
It was noticed in simulation that a significant variable to understand the 
differences between the capabilities of the two powertrain variants studied was the 
mechanical energy required to the EM in order to fulfil the torque request at the 
wheels. This will be further discussed in section 3.6. 
The mechanical energy required to the EM is computed as: 
 𝐸𝐸𝑀(𝑡) =  ∫ 𝑇𝐸𝑀(𝑡)𝜔𝐸𝑀(𝑡) 𝑑𝑡
𝑡𝑓
𝑡0
 (3-7) 
where 𝜔𝐸𝑀(𝑡) is the EM angular speed. 
3.2 Torque request during gearshifts 
If the powertrain does not produce as much power as expected, this is perceived by 
the driver as a symptom of poor vehicle drivability [36]. During gearshift 
maneuvers, the torque delivered to the wheels should reflect the driver’s intentions 
expressed in terms of the Accelerator Pedal Position (APP) [23]. 
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In order to ensure a fast powertrain response to driver inputs, the torque request 
at the wheels is calculated as if the oncoming gear was engaged since the beginning 
of the gearshift, i.e.: 
 𝑇𝑤,𝑟𝑒𝑞(𝑡) = 𝑇 𝑒𝑤(𝑡)𝜏 𝑒𝑤𝜏 𝑑 (3-8) 
where, 
𝑇 𝑒𝑤(𝑡) is the torque request at the transmission input according to the 
oncoming gear.  
𝜏 𝑒𝑤 is the transmission ratio of the oncoming gear.   
In the remainder of this chapter, the variables related to the transmission path 
in which the oncoming gear is located will be identified with the subscript 𝑛𝑒𝑤, 
instead, for the ones related to the transmission path in which the offgoing gear is 
mounted, the subscript 𝑝𝑟𝑒𝑣 is employed. 
The torque request at the transmission input corresponds to the torque that 
would be provided by the ICE if the requested gear was already engaged. The 
Engine Control Unit (ECU) receives a percentage based torque request, e.g., APP, 
and processes this input to generate the actual torque request [89]. 
 𝑇 𝑒𝑤(𝑡) = 𝐼𝐶𝐸𝑚𝑎𝑝(𝐴𝑃𝑃(𝑡), 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤)  (3-9) 
where, 
𝜔𝑠𝑠(𝑡) is the speed of the transmission output shaft(s).  
𝐴𝑃𝑃 is the APP. 
𝐼𝐶𝐸𝑚𝑎𝑝 is a stationary torque map in which the output is a function of the APP 
and crankshaft speed.  
The transition between the torque request at the wheels computed considering 
the transmission ratio of the offgoing gear and the one determined in Eq. (3-8) is 
smoothed by means of a first order transfer function. As it is illustrated by the 
simulation results in section 3.6.3, the value of the time constant could be adjusted 
to modify the trade-off between powertrain responsiveness and jerk intensity.  
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3.3 Gearshift control for HEV powertrains equipped with 
AMTs  
In this section, a gearshift control strategy designed for the PHEV powertrain 
equipped with an AMT described in section 2.1 is presented. First, a general 
description of the algorithm is provided in which its structure and main outputs are 
discussed. Then, each of the phases of the control strategy is explained in detail.  
3.3.1 Algorithm overview  
The gearshift control strategy for the AMT variant of the HEV powertrain of 
interest is designed aiming at reducing as much as possible the oscillations in the 
vehicle longitudinal acceleration while satisfying the driver’s torque request in the 
shortest possible time. 
The controller design in this study is carried out separating the entire gearshift 
process into six consecutive phases in analogy with what it is shown in [16] and [15] 
for a traditional AMT and a TGF-AMT respectively. 
The mentioned gearshift phases are: 
• Phase I: Go-to-slip. 
• Phase II: Opening the clutch completely.  
• Phase III: Disengage current gear / Speed synchronization / Engage new 
gear. 
• Phase IV: Prepare to start closing the clutch. 
• Phase V: Clutch slip control for engagement. 
• Phase VI: Close the clutch completely. 
Exit conditions for each of these phases are established and used to switch 
between consecutive phases.  
The designed controller relies only on speed measurements that are usually 
available in commercial vehicles: 
• ICE angular speed. 
• Transmission input shaft angular speed. 
• Transmission output shaft angular speed.  
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On the other hand, the controller output signals are: 
• Torque request to EM. 
• Torque request to ICE. 
• Clutch transmissible torque request. 
• Synchronizer position request. 
In order to satisfy the request to the ICE, the BAS will produce the maximum 
torque; the remaining power necessary to fulfill the request will be supplied by the 
ICE. In addition, the clutch transmissible torque request is translated into a position 
command to the clutch actuator. Instead, a synchronizer position request will trigger 
the intervention of the low-level controllers responsible for either disengaging the 
offgoing gear or bringing the oncoming synchronizer to the sure engaged position 
(see section 3.3.2.3). 
The maximum and minimum physical torque limitations of the ICE, BAS and 
EM are considered when creating the controller output signals. Furthermore, the 
response delay of powertrain actuators is also taken into account. In particular, for 
the ICE and the EMs, first order systems are considered [67], [89], [90], [91]. The 
time constant used for the ICE is significantly larger than those used for the EM 
and the BAS [67]. On the other hand, a rate limit is considered for the clutch 
transmissible torque variation [8]. The main parameters employed to model the 
mentioned response delays are:  
• Rate limit for clutch transmissible torque variation: ±4000 Nm/s.  
• Time constant for ICE: 2.7/𝜔𝐼𝐶𝐸(𝑡) with 𝜔𝐼𝐶𝐸(𝑡) being the ICE angular 
speed in rad/s.  
• Time constant for EM and BAS: 0.0013 s.  
3.3.2 Algorithm phases  
In this section, each of the phases of the proposed control algorithm (see Figure 
3-1) are described in detail. In particular, the main objective, control outputs and 
exit conditions established for each phase are discussed.  
3.3.2.1 Phase I: Go-to-slip 
The gearshift process starts once the gearshift request is validated by the 
Transmission Control Unit (TCU). The goal of this phase is to reduce the offgoing 
clutch transmissible torque until slippage starts while meeting the torque request.  
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This phase can be considered as a preparation stage before the actual gearshift 
maneuver starts. It was seen in simulation for the two powertrain architectures 
studied that requesting the torque computed in Eq. (3-9) before the offgoing clutch 
starts to slip could result in undesirable driveline oscillations. Hence, during phase 
I, the torque request at the transmission input is computed based on the transmission 
ratio of the offgoing gear as: 
 𝑇𝑝𝑟𝑒 (𝑡) = 𝐼𝐶𝐸𝑚𝑎𝑝(𝐴𝑃𝑃(𝑡), 𝜔𝑠𝑠(𝑡)𝜏𝑝𝑟𝑒 )  (3-10) 
where 𝜏𝑝𝑟𝑒  is the transmission ratio of the offgoing gear.   
For all the other phases the torque request is computed as explained in section 
3.2. 
Control outputs  
Clutch transmissible torque request 
The clutch transmissible torque is ramped towards zero: 
 𝑇𝑜,𝑐(𝑡) = 𝑇𝑜,𝑐,𝑚𝑎𝑥 −
𝑇𝑜,𝑐,𝑚𝑎𝑥
𝑡𝑝1
𝑡 (3-11) 
where, 
𝑇𝑜,𝑐,𝑚𝑎𝑥 is the maximum clutch transmissible torque.  
𝑡𝑝1 is the time length of the transmissible torque ramp (0.1 s). Its value is 
selected based on the capabilities of the clutch actuators. 
EM and ICE torque request 
For the simulations presented in section 3.6, it is assumed that the powertrain 
operates in ICE only mode before the gearshift control takes over. Hence: 
 𝑇𝐸𝑀(𝑡) = 0 (3-12) 
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 𝑇𝐼𝐶𝐸,𝑒𝑞(𝑡) = 𝑇𝑝𝑟𝑒 (𝑡) (3-13) 
where 𝑇𝐼𝐶𝐸,𝑒𝑞(𝑡) is the torque request supplied by the ICE and the BAS.  
Synchronizer position request 
No commands are given to the synchronizers.  
Exit conditions 
The exit condition for this phase: 
• Clutch slips: 𝑇𝑜,𝑐(𝑡) ≤ 𝑇𝑐(𝑡).  
The torque passing through the clutch is computed with Eq. (2-1) based on the 
crankshaft speed measurements.  
3.3.2.2 Phase II: Opening the clutch completely  
The main goal of this phase is to open the clutch completely while meeting the torque 
request at the wheels.  
Control outputs 
Clutch transmissible torque request 
The clutch transmissible torque request is computed as in Eq. (3-11).      
EM torque request 
Having an EM connected to the AMT output allows to compensate for the 
difference between the torque passing through the clutch and the request at the 
wheels. Hence: 
 𝑇𝐸𝑀(𝑡) = (𝑇 𝑒𝑤(𝑡)𝜏 𝑒𝑤 − 𝑇𝑐(𝑡)𝜏𝑝𝑟𝑒 )
1
𝜏𝐸𝑀
 (3-14) 
The EM torque is kept positive during all the phases of the control logic to avoid 
stressing the mechanical components of the transmission. This is also valid for the 
other powertrain variant studied.  
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Note that since the clutch is slipping, the torque passing through it is computed 
based on the transmissible torque using a Coulomb friction model [68]. 
ICE torque request 
The torque request to the ICE is computed using a PI superimposed to a 
feedforward term: 
 
𝑇𝐼𝐶𝐸,𝑒𝑞(𝑡) = 𝑃𝐼 (𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) − 𝜔𝐼𝐶𝐸(𝑡))
+ [𝑇𝑐(𝑡) + 𝐽𝐼𝐶𝐸,𝑒𝑞?̇?𝐼𝐶𝐸,𝑟𝑒 (𝑡)] 
(3-15) 
where, 
𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) is the ICE angular speed reference.  
𝐽𝐼𝐶𝐸,𝑒𝑞 is the equivalent inertia computed as in Eq. (2-2). 
The ICE reference speed is computed to keep the clutch slip velocity positive: 
 𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) = ?̅?𝑠𝑠(𝑡)𝜏𝑝𝑟𝑒 + Δ𝜔𝑡 ,𝑝2 (3-16) 
where, 
?̅?𝑠𝑠(𝑡) is the mean secondary shaft speed.  
Δ𝜔𝑡 ,𝑝2 is the angular speed threshold (20 rad/s).  
In order to avoid wasting energy forcing the crankshaft to follow the speed 
oscillations of the secondary shaft, the mean value of the transmission output shaft 
angular speed (calculated online) is used when creating the ICE speed reference. 
A high enough speed threshold Δ𝜔𝑡 ,𝑝2 is selected to force positive slip. When 
the clutch is slipping, the torque passing through it is equal to the transmissible 
torque and its sign corresponds to the one of the slip velocity [68], [69]. Hence, a 
linear trend of reduction of the clutch transmissible torque will imply a linear 
increase of the EM torque request which is preferred to other control signals with 
higher dynamics. The latter consideration arises from the fact that powertrain 
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actuators are not able to respond immediately to a given command, therefore, torque 
requests to the EM with lower dynamics are more likely to be fulfilled.    
Synchronizer position request 
No commands are given to the synchronizers.  
Exit conditions 
The exit condition for this phase: 
• Clutch is open: 𝑇𝑜,𝑐(𝑡) = 0. 
3.3.2.3 Phase III: Disengage current gear / Speed synchronization / Engage 
new gear  
By the time phase III starts, there is no torque being transmitted through the clutch, 
therefore, the synchronizers can work has they would on a conventional AMT. 
The objectives of this phase are to disengage the current gear and to use the 
oncoming synchronizer to force the speed of the primary shaft to match the speed of 
the secondary shaft with the new gear ratio so that the oncoming gear can be 
engaged.  
Control outputs 
Clutch transmissible torque request 
The clutch is open during this phase (𝑇𝑜,𝑐(𝑡) = 0). 
EM torque request 
Besides supplying for the torque request at the wheels, the EM torque needs to 
compensate for the torque that will be eventually be transmitted through the friction 
elements of the synchronizer, i.e.:  
 𝑇𝐸𝑀(𝑡) = (𝑇 𝑒𝑤(𝑡)𝜏 𝑒𝑤 − 𝑇𝑠  (𝑡))
1
𝜏𝐸𝑀
 (3-17) 
ICE torque request 
3-104 Gearshift Control Strategies for Hybrid Electric Vehicle Powertrains 
Equipped with Automated Manual Transmissions or Dual-Clutch 
Transmissions 
 
The ICE torque is computed using a PI superimposed to a feedforward term as 
in Eq. (3-15). On the other hand, the ICE reference speed is ramped from the final 
value it had on the previous phase 𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝2 towards the speed that the primary 
shaft would have once the requested gear is engaged. As in the previous phase, a 
high enough angular speed threshold Δ𝜔𝑡 ,𝑝3 is considered to pursue positive slip 
velocity at the end of this phase. 
 
𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡)
= 𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝2
+
𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 + Δ𝜔𝑡 ,𝑝3 − 𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝2
𝑡𝑝3,1 + 𝑡𝑝3,2
𝑡   
(3-18) 
where, 
𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝2 is the ICE angular speed at the end of phase II.  
Δ𝜔𝑡 ,𝑝3 is the angular speed threshold (40 rad/s).  
𝑡𝑝3,1 is time to completely disengaged the outgoing synchronizer and for the 
ingoing one to move until its friction elements are in contact (0.1 s). 
𝑡𝑝3,2 is the time to reach maximum synchronizer transmissible friction torque 
(0.05 s).    
At the end of the speed ramp the reference becomes: 
 𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) = 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 + 𝛥𝜔𝑡 ,𝑝3 (3-19) 
Synchronizer position request 
The first action undertaken during this phase is to completely disengage the 
outgoing synchronizer. Only then, the ingoing synchronizer is commanded to move 
until its friction elements are in contact. Note that the synchronizer transmissible 
torque is zero until the friction elements start touching each other. The friction 
torque is then ramped-up to its maximum value 𝑇𝑜,𝑠  ,𝑚𝑎𝑥 and kept there for the 
whole speed synchronization process.  
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The synchronizer transmissible torque during this phase is therefore given by: 
 
𝑇𝑜,𝑠  (𝑡)
=
{
 
 
 
 0 𝑓𝑜𝑟 𝑡 − 𝑡0,𝑝3 < 𝑡𝑝3,1
𝑇𝑜,𝑠  ,𝑚𝑎𝑥 
𝑡𝑝3,2
𝑡 𝑓𝑜𝑟 𝑡 − (𝑡0,𝑝3 + 𝑡𝑝3,1) ≤ 𝑡𝑝3,2
𝑇𝑜,𝑠  ,𝑚𝑎𝑥 𝑓𝑜𝑟 𝑡 > 𝑡0,𝑝3 + 𝑡𝑝3,1 + 𝑡𝑝3,2
 (3-20) 
where,  
𝑡𝑖 ,𝑝3 is the time when phase III starts.  
𝑇𝑜,𝑠  ,𝑚𝑎𝑥 is the maximum synchronizers transmissible torque.  
Exit conditions  
The following exit conditions are established:  
• Speeds of primary and secondary shaft are within a small threshold 
Δ𝜔𝑡 ,𝑒𝑥,𝑝3 (0.5 rad/s): |𝜔𝑝𝑠(𝑡) − 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤| ≤ Δ𝜔𝑡 ,𝑒𝑥,𝑝3. 
• Offgoing gear is disengaged and the ingoing synchronizer reaches the 
fully engaged position: 𝑡 ≥ 𝑡0,𝑝3 + 𝑡𝑝3,1 + 𝑡𝑝3,2. 
3.3.2.4 Phase IV: Prepare to start closing the clutch 
This phase is added to warranty there is positive slip velocity at the time in which 
the clutch starts to be closed. The main difference with respect to the previous phase 
is that gear engagement has already happened. 
Control outputs 
Clutch transmissible torque request 
The clutch is open during this phase. 
EM torque request 
Because the clutch is open, no power can be transmitted from the ICE/BAS to 
the wheels. Therefore, the EM is responsible for supplying the torque request:  
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 𝑇𝐸𝑀(𝑡) = 𝑇 𝑒𝑤(𝑡)𝜏 𝑒𝑤
1
𝜏𝐸𝑀
 (3-21) 
ICE torque request 
The torque request to the ICE is computed using a PI superimposed to a 
feedforward term as in Eq. (3-15). The ICE reference speed is: 
 𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) = ?̅?𝑠𝑠(𝑡)𝜏 𝑒𝑤 + 𝛥𝜔𝑡 ,𝑝4 (3-22) 
where 𝛥𝜔𝑡 ,𝑝4 is the speed threshold considered (40 rad/s).  
Synchronizer position request 
No commands are given to the synchronizers. 
Exit conditions 
For this phase, the exit condition is:  
• The difference between the speeds of ICE and primary shaft is higher 
than a threshold Δ𝜔𝑡 ,𝑒𝑥,𝑝4 (30 rad/s): |𝜔𝐼𝐶𝐸(𝑡) − 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤| ≥
Δ𝜔𝑡 ,𝑒𝑥,𝑝4. 
3.3.2.5 Phase V: Clutch slip control for engagement 
In this phase the clutch re-engagement is performed. As explained in [22], the 
oscillations on the longitudinal vehicle acceleration generated at the clutch 
engagement, depend on the slip speed and acceleration at clutch lock-up, which 
should be as small as possible.  
Control outputs 
Clutch transmissible torque request 
The clutch transmissible torque is ramped in open loop towards the current 
value of the torque request at the transmission input: 
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 𝑇𝑜,𝑐(𝑡) =
𝑇 𝑒𝑤(𝑡)
𝑡𝑝5
𝑡 (3-23) 
where, 
𝑡𝑝5 is the time length of the transmissible torque ramp (0.1 s).  
At the end of the torque ramp, the request becomes: 
 𝑇𝑜,𝑐(𝑡) = 𝑇 𝑒𝑤(𝑡) (3-24) 
EM torque request 
As in previous phases, the EM supplies the difference between the torque 
requested at the wheels and the one passing by the clutch: 
 𝑇𝐸𝑀(𝑡) = (𝑇 𝑒𝑤(𝑡) − 𝑇𝑐(𝑡))
𝜏 𝑒𝑤
𝜏𝐸𝑀
 (3-25) 
ICE torque request 
The ICE torque request is computed using a PI superimposed to a feedforward 
term as in Eq. (3-15). The ICE reference speed is computed to match the speed and 
acceleration of the primary shaft when the clutch is engaged.  
As mentioned at the beginning of this section, a clutch engagement with both 
slip speed and acceleration equal to zero leads to minimum driveline oscillations 
[15], [20], [22]. Hence, a parabolic trend is used as a reference for the ICE speed 
[15]: 
 
𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) = 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤
+
𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝4 − 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤
𝑡𝑝5
2 (𝑡 − 𝑡𝑝5)
2 (3-26) 
where, 
𝑡𝑝5 is the time length of the parabolic fillet (0.1 s).  
3-108 Gearshift Control Strategies for Hybrid Electric Vehicle Powertrains 
Equipped with Automated Manual Transmissions or Dual-Clutch 
Transmissions 
 
𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝4 is the ICE speed reference at the end of phase IV. 
In case the exit conditions are not satisfied at the end of the parabolic fillet, the 
speed reference is set to be equal to the speed of the primary shaft:   
 𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) = 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 (3-27) 
Synchronizer position request 
No commands are given to the synchronizers. 
Exit conditions 
The exit condition defined is: 
• The difference between the speed of the ICE and primary shaft are 
within a certain small threshold Δ𝜔𝑡 ,𝑒𝑥,𝑝5 (2 rad/s): |𝜔𝐼𝐶𝐸(𝑡) −
𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤| ≤ Δ𝜔𝑡 ,𝑒𝑥,𝑝5. 
3.3.2.6 Phase VI: Close the clutch completely  
In order to consider the gearshift maneuver as over, the clutch needs to be closed 
completely.  
Control outputs  
Clutch transmissible torque request 
The clutch transmissible torque is ramped towards its maximum value: 
 𝑇𝑜,𝑐(𝑡) = 𝑇𝑜,𝑐, ,𝑝5 +
𝑇𝑜,𝑐, ,𝑝5 − 𝑇𝑜,𝑐,𝑚𝑎𝑥
𝑡𝑝6
𝑡 (3-28) 
where, 
𝑡𝑝6 is the time length of the transmissible torque ramp (0.05 s).  
𝑇𝑜,𝑐, ,𝑝5 is the value of the clutch transmissible torque at the end of phase V. 
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EM torque request 
As in previous phases, the EM supplies the difference between the torque 
requested at the wheels and the one passing by the clutch (see Eq. (3-25)). 
ICE torque request 
The ICE is commanded to provide the torque being requested: 
 𝑇𝐼𝐶𝐸,𝑒𝑞(𝑡) = 𝑇 𝑒𝑤(𝑡) (3-29) 
Synchronizer position request 
No commands are given to the synchronizers. 
Exit conditions  
The following exit condition is defined: 
• Clutch is fully closed: 𝑇𝑜,𝑐(𝑡) = 𝑇𝑜,𝑐,𝑚𝑎𝑥. 
3.4 Gearshift control for HEV powertrains equipped with 
DCTs: Upshift maneuvers   
For the DCT variant of the powertrain architecture of interest, two different control 
strategies for upshift and downshift maneuvers are presented. The nonlinear 
torsional model used for their development is described in detail in section 2.1. The 
reader is referred to [8], [12], [11], [9], [10] for more information about the gearshift 
process for both conventional and hybrid DCTs.  
In this section, the control logic designed to improve gearshift quality during 
upshifts is addressed. First, an overview of the algorithm is given. Then, each of the 
phases in which the strategy is divided are explained.  
3.4.1 Algorithm overview  
Similar to the gearshift control strategy presented for the AMT variant of the 
powertrain under consideration, the algorithm described in this section is designed 
aiming at reducing as much as possible the oscillations in the vehicle longitudinal 
acceleration while satisfying the driver’s torque request as fast as possible.  
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As for the previous controller, the gearshift process is divided into six 
consecutive phases.  
The mentioned gearshift phases are: 
• Phase I: Go-to-slip. 
• Phase II: Prepare for torque phase.  
• Phase III: Torque phase. 
• Phase IV: Inertia phase - Fast speed matching. 
• Phase V: Inertia phase - Clutch slip control for engagement. 
• Phase VI: Close the clutch completely. 
Exit conditions for each of these phases are established and used to switch 
between consecutive phases.  
The designed controller relies only on speed measurements that are usually 
available in commercial vehicles: 
• ICE angular speed. 
• Transmission output shaft angular speed (both secondary shafts are 
assumed to have the same speed, see section 2.1.3.4).  
Instead, the controller output signals are: 
• Torque request to EM. 
• Torque request to ICE. 
• Clutch transmissible torque request. 
The same considerations maid for the AMT variant of the vehicle studied, 
regarding the use of the output signals and how the response delay of powertrain 
actuators (ICE, BAS, EM and clutches) is accounted for, still apply.  
3.4.2 Algorithm phases  
In this section, each of the phases of the proposed control algorithm (see Figure 
3-1) are described in detail. In particular, the main objectives, control outputs and 
exit conditions established for each phase are discussed.  
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3.4.2.1 Phase I: Go-to-slip 
The output signals and exit conditions of this phase are generated similar to what it 
is explained in section 3.3.2.1 for the AMT variant.  
The clutch whose transmissible torque is ramped down is the offgoing one. 
Instead, the oncoming clutch is kept fully open.  
3.4.2.2 Phase II: Prepare for torque phase  
This phase can be regarded as a preparation stage for the torque phase. The main 
objective of phase II is to have enough torque available at the DCT input to enforce 
positive slip on the offgoing clutch in the next phase.   
Control outputs 
Offgoing clutch transmissible torque request 
The transmissible torque of the offgoing clutch continues to be ramped towards 
zero as in the previous phase. 
 𝑇𝑜,𝑐,𝑝𝑟𝑒 (𝑡) = 𝑇𝑜,𝑐,𝑝𝑟𝑒 , ,𝑝1 −
𝑇𝑜,𝑐,𝑚𝑎𝑥
𝑡𝑝2
𝑡 (3-30) 
where,  
𝑡𝑝2 is the time length of the transmissible torque ramp (0.1 s).  
𝑇𝑜,𝑐,𝑝𝑟𝑒 , ,𝑝1 is the transmissible torque of the offgoing clutch at the end of 
phase I.  
Oncoming clutch transmissible torque request 
The oncoming clutch remains fully open (𝑇𝑜,𝑐(𝑡) = 0). 
EM torque request 
The EM compensates the torque passing through the offgoing clutch to meet 
the torque request as in Eq. (3-14). 
ICE torque request  
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The torque request is computed using a PI superimposed to a feedforward term: 
 
𝑇𝐼𝐶𝐸,𝑒𝑞(𝑡) = 𝑃𝐼 (𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) − 𝜔𝐼𝐶𝐸(𝑡))
+ [𝑇𝑐,𝑝𝑟𝑒 (𝑡) + 𝑇𝑐, 𝑒𝑤(𝑡)
+ 𝐽𝐼𝐶𝐸,𝑒𝑞?̇?𝐼𝐶𝐸,𝑟𝑒 (𝑡)] 
(3-31) 
where, 
𝑇𝑐,𝑝𝑟𝑒 (𝑡) is the torque of the offgoing clutch. 
𝑇𝑐, 𝑒𝑤(𝑡) is the torque of the oncoming clutch (zero in this case).  
The ICE reference speed is computed to keep the clutch slip velocity positive. 
To do this, a high enough threshold Δ𝜔𝑡 ,𝑝2 (20 rad/s) above the primary shaft speed 
is chosen as done in Eq. (3-16).   
Exit conditions  
The exit condition defined for this phase are:  
• Offgoing clutch slips: 𝑇𝑜,𝑐,𝑝𝑟𝑒 (𝑡) ≤ 𝑇𝑐,𝑝𝑟𝑒 (𝑡). 
• Offgoing clutch transmissible torque is equal or lower than the 
minimum between the 70 % of the maximum available torque at the 
transmission input (ICE + BAS) and the actual torque request. 
The latter condition is established to ensure there is enough available torque at 
the transmission input to warranty positive slip velocity at the offgoing clutch in the 
following phase where the oncoming one starts to be closed. This can be seen as a 
saturation of the torque transmitted by the offgoing clutch. In mathematical terms, 
such saturation is expressed as:  
 𝑇𝑜,𝑐,𝑝𝑟𝑒 =
𝑚𝑖𝑛(0.7 𝑇𝐼𝐶𝐸,𝑒𝑞,𝑚𝑎𝑥(𝑡)𝜏 𝑒𝑤, 𝑇 𝑒𝑤(𝑡)𝜏 𝑒𝑤)
𝜏𝑝𝑟𝑒 
 (3-32) 
 with 
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 𝑇𝐼𝐶𝐸,𝑒𝑞,𝑚𝑎𝑥(𝑡) = 𝑇𝐼𝐶𝐸,𝑚𝑎𝑥(𝑡) + 𝑇𝐵𝐴𝑆,𝑚𝑎𝑥(𝑡) (3-33) 
where, 
𝑇𝐼𝐶𝐸,𝑚𝑎𝑥(𝑡) is the maximum torque available from the ICE (see section 
2.1.3.1). 
𝑇𝐵𝐴𝑆,𝑚𝑎𝑥(𝑡) is the maximum torque available from the BAS (see section 
2.1.3.1). 
3.4.2.3 Phase III: Torque phase 
The goal of this phase is to open completely the offgoing clutch and start 
transmitting power through the oncoming clutch while meeting the torque request 
at the wheels. 
The control of the slip velocity at the offgoing clutch is the main challenge in 
this phase as it will be illustrated by the considerations made in the following 
paragraphs.  
Control outputs  
Offgoing clutch transmissible torque request 
As explained in the previous phase, to ensure there is enough available torque 
at the transmission input to warranty positive slip velocity for the offgoing clutch, 
its transmissible torque is saturated. Instead of controlling both clutches to transmit 
the torque necessary to supply for the request 𝑇 𝑒𝑤(𝑡), the minimum value between 
this quantity and the 70 % of the maximum available torque at the DCT input 
computed with Eq. (3-33) is considered. In addition, a PI is used to introduce a 
correction to the transmissible torque request aiming at achieving the desired 
slipping rate. 
Based on the previous considerations, it can be written: 
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𝑇𝑜,𝑐,𝑝𝑟𝑒 (𝑡)
=
(𝑚𝑖𝑛 (0.7 𝑇𝐼𝐶𝐸,𝑒𝑞,𝑚𝑎𝑥(𝑡), 𝑇 𝑒𝑤(𝑡)) − 𝑇𝑐, 𝑒𝑤(𝑡)) 𝜏 𝑒𝑤
𝜏𝑝
+ 𝑃𝐼 (𝜔𝑐,𝑠𝑙𝑖𝑝,𝑟𝑒 (𝑡) − 𝜔𝑐,𝑠𝑙𝑖𝑝(𝑡)) 
(3-34) 
The angular slip speed reference is ramped towards the desired value to avoid 
having discontinuities on the transmissible torque: 
 𝜔𝑐,𝑠𝑙𝑖𝑝,𝑟𝑒 (𝑡) = 𝜔𝑐,𝑠𝑙𝑖𝑝, ,𝑝2 +
𝛥𝜔𝑡 ,𝑝3 − 𝜔𝑐,𝑠𝑙𝑖𝑝, ,𝑝2
𝑡𝑝3
𝑡 (3-35) 
where, 
𝑡𝑝3 is the time length of the speed ramp (0.1 s). 
𝜔𝑐,𝑠𝑙𝑖𝑝, ,𝑝2 is the slip angular speed at the end of the previous phase.   
𝛥𝜔𝑡 ,𝑝3 is the target slip angular speed (20 rad/s).  
Finally, in order to regulate the action of the PI controller introduced, another 
saturation is in place to avoid increasing the transmissible torque above the value it 
had at the end of the previous phase or the one calculated in the first term on the 
right side of Eq. (3-34). 
Oncoming clutch transmissible torque request 
Transmissible torque of the oncoming clutch is ramped towards its target value 
in open loop: 
 𝑇𝑜,𝑐, 𝑒𝑤(𝑡) =
𝑚𝑖𝑛 (0.7 𝑇𝐼𝐶𝐸,𝑒𝑞,𝑚𝑎𝑥(𝑡), 𝑇 𝑒𝑤(𝑡))
𝑡𝑝3
𝑡 (3-36) 
EM torque request 
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EM compensates the torque passing through both clutches to meet the torque 
request: 
 
𝑇𝐸𝑀(𝑡) = (𝑇 𝑒𝑤(𝑡)𝜏 𝑒𝑤 − 𝑇𝑐,𝑝𝑟𝑒 (𝑡)𝜏𝑝𝑟𝑒 
− 𝑇𝑐, 𝑒𝑤(𝑡)𝜏 𝑒𝑤)
1
𝜏𝐸𝑀
 
(3-37) 
ICE torque request 
The torque request to the ICE is computed using a PI superimposed to a 
feedforward term as in Eq. (3-31). The ICE angular speed reference is computed to 
keep the clutch slip velocity positive as in Eq. (3-16).   
Exit conditions 
The following exit condition is established: 
• Offgoing clutch is open: 𝑇𝑜,𝑐,𝑝𝑟𝑒 (𝑡) = 0.  
3.4.2.4 Phase IV: Inertia phase - Fast speed matching 
The goal of this phase is to decrease as fast as possible the speed of the ICE towards 
the speed of the oncoming clutch while meeting the torque request. 
This phase ends once the slip speed on the oncoming is within a certain 
threshold. In the subsequent control stage, in order to perform a smooth clutch 
engagement, the speed difference between the ICE and the oncoming clutch is 
controlled more carefully.  
Control outputs  
Offgoing clutch transmissible torque request 
The offgoing clutch is open since the beginning of this phase.  
Oncoming clutch transmissible torque request 
The transmissible torque is ramped towards its target value in open loop: 
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 𝑇𝑜,𝑐, 𝑒𝑤(𝑡) = 𝑇𝑜,𝑐, 𝑒𝑤, ,𝑝3 +
𝑇 𝑒𝑤(𝑡) − 𝑇𝑜,𝑐, 𝑒𝑤, ,𝑝3
𝑡𝑝4
𝑡 (3-38) 
where, 
𝑡𝑝4 is the time length of the torque ramp (0.1 s). 
𝑇𝑜,𝑐, 𝑒𝑤, ,𝑝3 is the value of the oncoming clutch transmissible torque at the end 
of the previous phase. 
After the end of the transmissible torque ramp, the request is: 
 𝑇𝑜,𝑐, 𝑒𝑤(𝑡) = 𝑇 𝑒𝑤(𝑡) (3-39) 
EM torque request 
The EM compensates the torque passing through the oncoming clutch to meet 
the torque request. Hence, the torque request to the EM can be computed using Eq. 
(3-37). 
ICE torque request 
The ICE torque is computed using a PI superimposed to a feedforward term as 
in Eq. (3-31). The ICE reference speed is computed to match a certain threshold 
above the angular speed of the oncoming clutch. A ramp is imposed which makes 
the reference given to the ICE continuous.  
 
𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡)
= 𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝3
+
𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 + 𝛥𝜔𝑡 ,𝑝4 − 𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝3
𝑡𝐼𝐶𝐸,𝑝4
𝑡 
(3-40) 
Where, 
𝑡𝐼𝐶𝐸,𝑝4 is the time length of the angular speed ramp (0.25 s). 
𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝3 is the ICE reference speed at the end of the previous phase.  
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𝛥𝜔𝑡 ,𝑝4 is the target speed threshold (40 rad/s).  
After the speed ramp is undertaken, the reference is: 
 𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) = 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 + 𝛥𝜔𝑡 ,𝑝4 (3-41) 
Exit conditions 
The following exit condition is verified:  
• The slip velocity is equal or lower than a certain threshold 𝛥𝜔𝑡 ,𝑒𝑥,𝑝4 
(45 rad/s): 𝜔𝐼𝐶𝐸(𝑡) − 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 ≤   𝛥𝜔𝑡 ,𝑒𝑥,𝑝4.  
3.4.2.5 Phase V: Inertia phase - Clutch slip control for engagement 
The goal of this phase is to realize a very precise control of the slip velocity at the 
oncoming clutch in order to have a smooth clutch engagement while meeting the 
torque request. As explained for the AMT, this is achieved when the slip speed and 
acceleration at clutch lock-up are close to zero.  
Control outputs  
Offgoing clutch transmissible torque request 
The offgoing clutch is open during this phase.  
Oncoming clutch transmissible torque request 
The oncoming clutch is controlled as in the previous phase. 
EM torque request 
The EM compensates the torque passing through the oncoming clutch to meet 
the torque request as described in Eq. (3-37). 
ICE torque request 
The ICE torque is computed using a PI superimposed to a feedforward term as 
in Eq. (3-31). The ICE angular speed reference is computed to match the speed of 
the oncoming clutch at the end of this phase. As for the AMT variant of the 
powertrain of interest, a parabolic fillet is imposed as a reference to the ICE speed 
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to induce the angular slip speed and acceleration to be zero at the time the clutch is 
engaged (see section 3.3.2.5).  
Exit conditions 
The exit condition is: 
• Clutch slip velocity is within a small threshold 𝛥𝜔𝑡 ,𝑒𝑥,𝑝5 (2 rad/s): 
|𝜔𝐼𝐶𝐸(𝑡) − 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤|  ≤   𝛥𝜔𝑡 ,𝑒𝑥,𝑝5.  
3.4.2.6 Phase VI: Close the clutch completely  
In this phase, the output signals and exit conditions are designed in a similar way 
to what it is explained in section 3.3.2.6 for the AMT variant.  
3.5 Gearshift control for HEV powertrains equipped with 
DCTs: Downshift maneuvers    
In this section, the control logic designed to improve gearshift quality during 
downshifts for the H-DCT under consideration is addressed. First, an overview of 
the algorithm is given. Then, each of the phases in which the strategy is divided are 
explained.  
As for the other control algorithms treated in this chapter, the model used to 
test the performance of the developed strategy, is the one described in section 2.1. 
3.5.1 Algorithm overview  
Similar to the control logic developed for upshift maneuvers, the control algorithm 
is designed aiming at reducing as much as possible the oscillations in the vehicle 
longitudinal acceleration while satisfying the driver’s torque request as fast as 
possible.  
The gearshift process is divided into four consecutive phases:  
• Phase I: Go-to-slip. 
• Phase II: Inertia phase - Fast speed matching. 
• Phase III: Torque phase - Clutch slip control for engagement. 
• Phase IV: Close the clutch completely.  
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Exit conditions for each of these phases are established and used to switch 
between consecutive phases.  
The designed controller relies only on speed measurements that are usually 
available in commercial vehicles: 
• ICE angular speed. 
• Transmission output shaft angular speed (both secondary shafts are 
assumed to have the same speed, see section 2.1.3.4).  
Instead, the controller output signals are: 
• Torque request to EM. 
• Torque request to ICE. 
• Clutch transmissible torque request. 
The same considerations maid for the other two gearshift control strategies 
presented before, regarding the use of the output signals and how the response delay 
of powertrain actuators (ICE, BAS, EM and clutches) is accounted for, still apply.  
3.5.2 Algorithm phases  
In this section, the main objectives, control outputs and exit conditions established 
for each phase are discussed. The phases described here are depicted in Figure 3-5. 
3.5.2.1 Phase I: Go-to-slip 
This phase is undertaken as explained for the upshifts (see section 3.4.2.1). 
3.5.2.2 Phase II: Inertia phase - Fast speed matching 
The goal of this phase is to increase as fast as possible the speed of the ICE towards 
a certain threshold above the speed of the oncoming clutch while meeting the torque 
request at the wheels.  
Similar to phase IV of the strategy designed for the upshifts (see section 
3.4.2.4), this is done in order to be able to perform a very precise angular slip speed 
control in the next phase with the objective of reducing driveline oscillations at 
clutch engagement.   
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Control outputs  
Offgoing clutch transmissible torque request 
Transmissible torque is ramped to compensate the difference between the 
maximum torque available from the EM and the actual torque request. Hence, it can 
be written: 
 
𝑇𝑜,𝑐,𝑝𝑟𝑒 (𝑡)
= 𝑇𝑜,𝑐,𝑝𝑟𝑒 , ,𝑝1
+
𝑇 𝑒𝑤(𝑡)𝜏 𝑒𝑤 − 𝑇𝐸𝑀,𝑚𝑎𝑥(𝑡)𝜏𝐸𝑀
𝜏𝑝𝑟𝑒 
− 𝑇𝑜,𝑐,𝑝𝑟𝑒 , ,𝑝1 
𝑡𝑝2
𝑡 
(3-42) 
where, 
𝑡𝑝2 is the time length of the transmissible torque ramp (0.1 s). 
𝑇𝑜,𝑐,𝑝𝑟𝑒 , ,𝑝1 is the value of the offgoing clutch transmissible torque at the end 
of the previous phase. 
𝑇𝐸𝑀,𝑚𝑎𝑥(𝑡) is the maximum available torque from the EM (see Eq. (2-16)). 
Once the transmissible torque ramp is undertaken, the request becomes: 
 𝑇𝑜,𝑐,𝑝𝑟𝑒 (𝑡) =
𝑇 𝑒𝑤(𝑡)𝜏 𝑒𝑤 − 𝑇𝐸𝑀,𝑚𝑎𝑥(𝑡)𝜏𝐸𝑀
𝜏𝑝𝑟𝑒 
 (3-43) 
Note that controlling the offgoing clutch transmissible torque as explained 
above allows to minimize clutch slip losses since the mentioned component will 
eventually be fully open if the EM can handle the torque request by itself. 
Oncoming clutch transmissible torque request 
The oncoming clutch stays fully open. 
EM torque request 
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EM compensates the torque passing through the offgoing clutch to meet the 
torque request (see Eq. (3-37)). 
ICE torque request 
The torque request to the ICE is computed using a PI superimposed to a 
feedforward term as described in Eq.(3-31). The ICE angular speed reference is 
computed to match a certain threshold above the speed of the oncoming clutch as 
fast as possible. A speed ramp is imposed whose duration was selected, after 
studying the results of several simulations, in order to provide a suitable reference 
for the crankshaft speed according to the capabilities of powertrain actuators.  
 
𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡)
= 𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝1
+
𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 + 𝛥𝜔𝑡 ,𝑝2 − 𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝1
𝑡𝐼𝐶𝐸,𝑝2
𝑡 
(3-44) 
where, 
𝑡𝐼𝐶𝐸,𝑝2 is the duration of the ICE reference speed ramp (0.3 s).  
𝜔𝐼𝐶𝐸,𝑟𝑒 , ,𝑝1 is the ICE reference speed at the end of the previous phase.  
𝛥𝜔𝑡 ,𝑝2 is the angular speed threshold considered (40 rad/s). 
If the current phase last longer than the time estimated for the angular reference 
speed ramp, the output of the PI controller is computed based on: 
 𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) = 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 + 𝛥𝜔𝑡 ,𝑝2 (3-45) 
Exit conditions 
The exit condition is: 
• The ongoing clutch slip velocity is equal or higher than a certain 
threshold 𝛥𝜔𝑡 ,𝑒𝑥,𝑝2 (40 rad/s): 𝜔𝐼𝐶𝐸(𝑡) − 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤 ≥   𝛥𝜔𝑡 ,𝑒𝑥,𝑝2.  
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3.5.2.3 Phase III: Torque phase - Clutch slip control for engagement 
The goal of this phase is to realize a very precise control of the slip velocity on the 
oncoming clutch in order to have a smooth clutch engagement while meeting the 
torque request.  
The offgoing clutch must be completely disengaged at the end of this phase.  
Control outputs  
Offgoing clutch transmissible torque request 
The offgoing clutch is required to compensate the difference between the torque 
request and the torque passing through the oncoming clutch:  
 𝑇𝑜,𝑐,𝑝𝑟𝑒 (𝑡) = (𝑇 𝑒𝑤(𝑡) − 𝑇𝑐, 𝑒𝑤(𝑡))
𝜏 𝑒𝑤
𝜏𝑝𝑟𝑒 
 (3-46) 
The maximum value that the transmissible torque can take is the one at the end 
of the previous phase.  
Oncoming clutch transmissible torque request 
The oncoming clutch transmissible torque is ramped towards the value 
requested by the driver. In addition, a PI is used to introduce a correction to the 
transmissible torque to enforce the desired slipping rate: 
 𝑇𝑜,𝑐, 𝑒𝑤(𝑡) =
𝑇 𝑒𝑤(𝑡)
𝑡𝑝3
𝑡 +  𝑃𝐼 (𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) − 𝜔𝐼𝐶𝐸(𝑡)) (3-47) 
where, 
𝑡𝑝3 is the duration of the transmissible torque ramp (0.1 s).  
After 𝑡𝑝3 the transmissible torque is: 
 𝑇𝑜,𝑐, 𝑒𝑤(𝑡) = 𝑇 𝑒𝑤(𝑡) +  𝑃𝐼 (𝜔𝐼𝐶𝐸,𝑟𝑒 (𝑡) − 𝜔𝐼𝐶𝐸(𝑡)) (3-48) 
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The speed reference seen in Eq. (3-47) and Eq. (3-48) is the same used to 
generate the ICE torque request (see section 3.4.2.5).   
EM torque request 
EM compensates the torque passing through the clutches to meet the torque 
request (see section (3-37)). 
ICE torque request 
The ICE torque request in this phase is computed as explained for phase V of 
the upshift control strategy (see section 3.4.2.5).  
Exit conditions 
The exit conditions defined are: 
• The slip velocity is within a small threshold 𝛥𝜔𝑡 ,𝑒𝑥,𝑝3 (2 rad/s): 
|𝜔𝐼𝐶𝐸(𝑡) − 𝜔𝑠𝑠(𝑡)𝜏 𝑒𝑤| ≤   𝛥𝜔𝑡 ,𝑒𝑥,𝑝3.  
• Previous clutch is open: 𝑇𝑜,𝑐,𝑝𝑟𝑒 (𝑡) = 0.  
3.5.2.4 Phase IV: Close the clutch completely  
The last phase of the algorithm described in this section is undertaken as explained 
for the last phase of the upshift control strategy (see section 3.4.2.6).  
3.6 Simulation results 
In this section, simulation results are presented and analyzed to illustrate the 
effectiveness of the gearshift control strategies designed for the two variants of the 
powertrain of interest. In addition, the results are also used to establish the benefits 
and limitations of the two transmission systems studied.   
For each of the gearshift maneuvers simulated, the powertrain model is 
initialized starting at a certain predefined speed from which the vehicle is driven 
using only the ICE to satisfy the torque request at the wheels. In all the simulations 
performed, the gearshift process starts after 2.5 s. 
Moreover, the transmission ratios of the DCT and the AMT are set to be the 
same. In this way, the differences seen in the vehicle dynamic performance are more 
likely to be related to the functioning principle of each transmission technology.    
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3.6.1 Upshift maneuver: 1st to 2nd at 100% APP 
Simulation results for a 1st to 2nd upshift performed at 100 % APP are presented for 
both the H-DCT and the H-AMT.  
The upper plot of Figure 3-1 shows the speed of the main driveline components, 
including the ICE reference speed which is set to zero when the crankshaft speed is 
not being controlled. Instead, the lower plot shows the torque request to the ICE 
and the EM together with the clutch(es) and synchronizer transmissible torque. The 
actual torque passing through the clutch(es) is also presented.   
Note that for the H-AMT, phase IV is skipped since the clutch slip speed at the 
end of phase III is above the specified threshold used as an exit condition for phase 
IV (see section 3.3.2.4). 
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a) H-AMT 
 
b) H-DCT 
Figure 3-1. Speed and torque: 1st to 2nd at 100 % APP. 
Due to the limited amount of braking torque that can be provided by the ICE 
and the BAS, for the H-AMT, during phases III and V the ICE speed does not 
properly follows its reference. This does not lead to undesired vibrations thanks to 
the way in which the EM is controlled. Instead, the H-DCT is able to properly 
follow the ICE speed reference.  
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On the other hand, Figure 3-2 shows the results of a 4th to 5th upshift performed 
at 100% APP by the H-AMT in which the powertrain is able to follow the imposed 
reference speed for the crankshaft considerably better. This translates into an almost 
linear decrease during phase II (or increase in phase V) of the torque passing by the 
clutch which makes the EM torque to have a very smooth change rate which is more 
likely to be provided by the motor. 
 
Figure 3-2. Speed and torque (H-AMT): 4th to 5th at 100% APP. 
In a conventional (non-hybrid) AMT, oscillations in the primary shaft speed 
arise when the torque starts passing again through the clutch after the torque gap 
that occurs during the synchronization phase. In the H-AMT, thanks to the action 
of the EM, the secondary shaft is never unloaded. This reduces the input shaft 
vibrations at the beginning of phase V and enables the possibility of performing the 
clutch slip control while the transmissible torque is being ramped-up, making the 
gearshift process faster. 
In addition, it is clear that the torque fill energy from the EM required by the 
H-AMT is considerably larger than that of the H-DCT (see Table 3-1). Note that, 
given the architecture of the AMT, during phase III, the EM has to supply the entire 
power request at the wheels.   
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Figure 3-3 shows how the total torque request at the wheels is fulfilled by the 
different powertrain actuators. Torque request at the wheels is satisfied better by 
the H-DCT as it is quantified by its mean torque error (see Table 3-1).  
 
a) H-AMT 
 
b) H-DCT 
Figure 3-3. Torque at the wheels: 1st to 2nd at 100 % APP. 
In Figure 3-4, the longitudinal acceleration and jerk seen during the gearshift 
maneuver are presented. A very smooth clutch engagement is achieved for both 
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powertrain architectures as indicated by the low jerk value seen right after the end 
of phase V. As expected, based on the fact that the H-DCT is able to follow better 
the given reference for the ICE speed, the maximum (absolute) jerk value seen for 
the H-AMT in phase VI is higher than that of the other powertrain (1.35 m/s3 vs. 
0.55 m/s3). 
Furthermore, Figure 3-4 shows that the main jerk peak is due to the increase in 
the torque delivered to the wheels to satisfy the request expressed by the driver. 
However, using a time constant of 0.05 s for the torque request transition, the 
maximum jerk value is always under 10 m/s3. In [92], the experiments conducted 
shown than a value greater than 10 m/s3 is perceived by the passengers as 
uncomfortable.  
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a) H-AMT 
 
b) H-DCT 
Figure 3-4. Acceleration and Jerk: 1st to 2nd at 100 % APP. 
Table 3-1 presents the value of the gearshift quality metrics described in section 
3.1. In terms of the vehicle performance and shift comfort, it can be seen that the 
results obtained for both powertrains are similar with the H-AMT indicators being 
slightly better. Instead, by looking at the energy consumption indicators, it can be 
noted that the H-DCT presents a significantly higher energy loss due to clutch slip 
(two clutches are slipping during the gearshift instead of one). On the other hand, 
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as explained when discussing Figure 3-1, the energy requested from the EM is 
larger for the H-AMT. The global energy balance made considering these two 
indicators shows that the H-DCT is more energy efficient during upshifts.   
Table 3-1. Gearshift quality criteria: 1st to 2nd at 100 % APP. 
Gearshift quality 
criteria Parameter H-AMT H-DCT 
Performance 
𝑡𝑔𝑠 [s] 0.696 0.545 
?̅? [m/s2] 2.942 2.933 
?̅?𝑤,𝑒𝑟𝑟 [%] 1.680 0.742 
Shift comfort 
𝐽𝑒𝑟𝑘𝑅𝑀𝑆 [m/s
3] 2.482 3.290 
𝐽𝑒𝑟𝑘𝑚𝑎𝑥/m𝑖𝑛 
[m/s3] 13.596 14.028 
Shift efficiency 𝐸𝑐,𝑙𝑜𝑠𝑠 [kJ] 0.825 10.624 
Torque fill energy 
consumption 𝐸𝐸𝑀 [kJ] 47.702 9.839 
3.6.2 Downshift maneuver: 4th to 3rd at 100% APP 
Simulation results for a 4th to 3rd downshift at 100% APP are presented for both the 
H-DCT and the H-AMT.  
Differently form the upshift maneuver, the ICE reference speed is followed well 
by the two powertrain architectures under consideration during the downshift as 
shown in Figure 3-5. Furthermore, it is worth noting that, to minimize clutch slip 
energy losses for the H-DCT, the EM works as a torque fill device in a similar 
manner than for the H-AMT (see section 3.5.2.2). 
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a) H-AMT 
 
b) H-DCT 
Figure 3-5. Speed and torque: 4th to 3rd at 100% APP. 
Figure 3-6 shows that the torque request at the wheels is matched well by both 
powertrain variants. This is also expressed by the low torque mean errors reported 
in Table 3-2. Moreover, the effect of the actuation delay of the EM can be 
appreciated at the times in which the offgoing clutch is being opened or the 
oncoming one is being engaged. In those instances, the EM is not able to 
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compensate the torque passing through the transmission input in order to meet the 
exact request at the wheels.  
 
a) H-AMT 
 
b) H-DCT 
Figure 3-6. Torque at the wheels: 4th to 3rd at 100% APP. 
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As seen for the upshifts, Figure 3-7 shows that clutch engagement is done 
smoothly.  
 
a) H-AMT 
 
b) H-DCT 
Figure 3-7. Acceleration and Jerk: 4th to 3rd at 100% APP. 
Table 3-2 presents the values of the gearshift quality parameters for both 
powertrains. In terms of vehicle performance and shift comfort, the value of the 
selected indicators is almost the same for the H-AMT and the H-DCT. Moreover, 
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since the EM is used in a similar manner by both systems, the clutch slip losses and 
torque fill energy found are also comparable even though the H-DCT performs 
slightly better.  
Table 3-2. Gearshift quality parameters: 4th to 3rd at 100% APP. 
Gearshift quality 
criteria Parameter H-AMT H-DCT 
Performance 
𝑡𝑔𝑠 [s] 0.448 0.438 
?̅? [m/s2] 1.648 1.641 
?̅?𝑤,𝑒𝑟𝑟 [%] 0.946 0.803 
Shift comfort 
𝐽𝑒𝑟𝑘𝑅𝑀𝑆 [m/s
3] 3.166 3.238 
𝐽𝑒𝑟𝑘𝑚𝑎𝑥/m𝑖𝑛 
[m/s3] 10.375 11.165 
Shift efficiency 𝐸𝑐,𝑙𝑜𝑠𝑠 [kJ] 0.272 0.352 
Torque fill energy 
consumption 𝐸𝐸𝑀 [kJ] 24.352 22.915 
3.6.3 Effect of the torque request transition 
As explained in section 3.2, the transition between the torque request at the wheels 
computed considering the transmission ratio of the offgoing gear and the one 
determined in Eq. (3-8) is smoothed by means of a first order transfer function. 
Three different values of the time constant used for such transition are studied here: 
• 0.1 s. 
• 0.05 s. 
• 0.01 s. 
Figure 3-8 shows how the torque at the wheels changes with the time constant 
selected. The maneuver studied is the same 1st to 2nd upshift at 100 % APP 
performed with the H-DCT in section 3.4. As expected, the smaller the time 
constant, the faster the transition.  
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Figure 3-8. Torque request transition. 
Instead, Figure 3-9 shows the effects of the different torque requests at the 
wheels in terms of acceleration and jerk. The results are intuitive in the sense that 
the performance in terms of vehicle drivability improves for smoother transitions 
of the torque delivered at the wheels (see Table 3-3). 
 
Figure 3-9. Torque request transition effects on drivability. 
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Table 3-3. Effects of the torque request transition. 
Gearshift 
quality 
criteria 
Parameter 0.1 s 0.05 s 0.01 
Performance 𝑎 [m/s2] 2.894 2.933 2.965 
Shift comfort 
𝐽𝑒𝑟𝑘𝑅𝑀𝑆 
[m/s3] 2.675 3.290 4.771 
𝐽𝑒𝑟𝑘𝑚𝑎𝑥/𝑚𝑖  
[m/s3] 11.696 14.028 22.459 
3.7 Summary 
In this chapter, gearshift control strategies for the two variants of the powertrain 
described in section 2.1 are developed. The objectives of each of the algorithm 
phases, the equations for computing the ICE, BAS, clutch(es) and EM torque 
requests are reported together with the conditions that determine the passage from 
one phase to the next. In addition, simulation results are presented and analyzed to 
illustrate the effectiveness of the control strategies. These results are also used to 
establish the benefits and limitations of the two transmission systems studied.   
The gearshift process must satisfy several and often conflicting requirements, 
e.g. short duration, smooth engagement and minimization of energy 
dissipation/consumption. The metrics employed to assess gearshift quality are 
selected to allow an objective evaluation of the developed control strategies 
performance regarding the fulfillment of the mentioned requirements.  
The results obtained for both powertrains are promising in terms of vehicle 
dynamic performance. One fundamental implication of the previous remark is that 
the PHEV variant in which an AMT is employed has been proved capable of almost 
eliminating the torque gap during gearshifts while keeping the mechanical 
complexity of the system low with respect to its DCT counterpart. 
In the simulations undertaken, the main differences in the performance of both 
architectures are seen during upshift maneuvers. When attention is focused on the 
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energy consumption indicators, it can be noted that the H-DCT presents a 
significantly higher energy loss due to clutch slip (two clutches are slipping during 
the gearshift instead of one). However, the energy requested from the EM is larger 
for the H-AMT. Note that, during the speed synchronization of the oncoming gear 
and the AMT output shaft, the EM is asked to supply the entire power request at the 
wheels. The global energy balance made considering these two sources of energy 
consumption shows that the H-DCT is more energy efficient during upshifts.  
Instead, for the downshift maneuvers, in order to minimize the clutch slip 
energy losses for the H-DCT, the EM works as a torque fill device in a similar 
manner than it does for the H-AMT. Hence, the energy consumption indicators for 
both powertrains have similar values even though the H-DCT performs slightly 
better.  
Furthermore, the effect of the time constant of the first order transfer function 
used to handle the transition from the torque request before the gearshift maneuver 
is undertaken and that computed based on the transmission ratio of the oncoming 
gear and the APP is also studied. Results are intuitive in the sense that the 
performance in terms of vehicle drivability is seen to improve for smoother 
transitions of the torque delivered at the wheels. 
Finally, it is worth mentioning, that the developed strategies are very simple to 
implement and tune since they are based on the use of simple PI feedback 
controllers. Thus, transmission engineers without significant knowledge of 
advanced control theory will be able to use the developed tools. 
 
 
 
 
 
 
 
  
 
Chapter 4 
4. The Energy Management 
Problem in Hybrid Electric 
Vehicles 
4.1 Energy management of HEVs 
The energy management in hybrid vehicles consists in deciding the amount of 
power delivered at each time instant by the onboard energy sources [1], [26].  
In a conventional vehicle the driver request is satisfied by the only mechanical 
power generation device available, i.e., ICE. In order for this to happen, the low-
level controllers intervene to drive each of the powertrains components as intended 
by the driver [71]. These controllers are usually design using classical feedback 
control methods [1].     
In HEVs an additional decision must be made regarding how the driver power 
request will be distributed among the different energy sources available. An Energy 
Management Strategy (EMS) is therefore necessary to determine the power split at 
each time instant [27]. This high-level control layer, often referred to as supervisory 
control, receives as inputs information coming from the vehicle (ICE speed, SOC, 
EM speed, etc.) together with the requests coming from the driver and process it to 
output a series of set-points to the powertrain actuators that are enforced by the low-
level or component level control layer [1].  
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 The design of the EMS is deeply related to the HEV architecture of interest 
and the predefined control objectives.  
Depending on the powertrain configuration, a certain number of operational 
modes are available [93], e.g., EV-mode, ICE-only mode, Parallel hybrid mode, 
etc. The responsibility of deciding how and when to perform the transition among 
them lies also with the EMS [60].     
In HEVs the control objectives are mostly integral in nature. Traditionally, 
EMSs are design with the goal of minimizing the total fuel consumption over a 
defined optimization horizon [28], [29]. However, other objectives could also be 
included as the reduction of pollutant emissions [30], [31] or the maximization of 
battery life [32], [33]. Furthermore, EMSs could be implemented to satisfy multiple 
and often conflicting requirements, arising the need of properly weighing the 
different objectives to obtain the desired vehicle performance.  For example, in  [34] 
a control strategy is developed aiming at optimally tradeoff between fuel 
consumption and battery capacity loss while in [35], [36] the compromised is 
established between fuel consumption and vehicle drivability.  
In production vehicles, EMSs must be causal since real-time implementation is 
required. This implies that the control actions are local in time. Moreover, other 
than deciding the power split among onboard energy sources, depending on the 
vehicle architecture, other decisions might be taken, e.g., the current engaged gear, 
ICE state, clutches states, etc.  
The energy management of HEVs involves respecting a series of constrains that 
can be either local or integral in nature. When making a control decision, the 
strategy implemented must be able to account for the physical limitations of 
powertrain components, e.g., maximum ICE torque or minimum battery current, 
which constitute local constrains. Furthermore, the value of a certain system state 
variable could be subjected as well to meet a predefined requirement. For instance, 
local constrains are often enforced aiming at maintaining the battery SOC within a 
prescribed range. On the other hand, most of the times a target SOC value at the 
end of the driving mission is required either for charge-sustaining [73] or charge-
depleting [38] vehicle operation.    
In the following sections, some of the most relevant EMSs discussed in 
literature will be addressed. This will set the basis for understanding the work on 
energy management for HEVs presented in the next two chapters.    
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4.2 Classification of energy management strategies for 
HEVs 
The energy management problem in HEVs has been approached in literature using 
several different techniques, therefore, various families of EMSs have also been 
proposed. According to [1], [71], [41], [40] they can be classified as: 
• Rule-based optimization methods. 
• Model-based optimization methods.  
The latter category can be subdivided in: 
• Numerical approaches.  
• Analytical approaches. 
These types of EMSs will be briefly described in the following paragraphs. 
4.2.1 Rule-based optimization methods  
In rule-based approaches, a set of rules is employed to determine the set-points to 
the powertrain actuators that are enforced by the component level controllers at 
each time step. 
The main advantage of these control techniques lies in their causal nature. 
Given that only past and present information is needed, rule-based approaches are 
suitable for real-time implementation. Furthermore, since no explicit optimization 
is involved, these methods are easy to implement and computationally cheap [71]. 
However, those same characteristics of rule-based techniques made the solutions 
obtained necessarily sub-optimal [1]. 
The rules employed are generally designed based on engineering intuition [26] 
or from the knowledge of the global optimal solution to the control problem, which 
is obtained offline using model-based approaches [27], [37], [38]. 
4.2.2 Model-based optimization methods  
Model-based optimization strategies rely on a suitable mathematical model of the 
HEV powertrain of interest to provide a solution for the energy management 
problem. The level of complexity of the models employed depends on the control 
objectives and on the techniques used to obtain the desired solution. For example, 
in [34] a battery aging model is included in the control problem formulation since 
it is intended to reduce battery capacity degradation whilst in [38] a zero-th order 
4.2 Classification of energy management strategies for HEVs 4-141 
 
model is employed given that the only control objective is to reduce fuel 
consumption. Furthermore, in [77] simplified engine fuel rate and battery efficiency 
models are used to ease the introduction of an analytical formulation which allows 
to reduce the computational load with respect to the purely numerical solution.  
Once an appropriate model is defined, the control trajectory is found 
minimizing a cost function over a known driving cycle. The need of the future 
driving information together with the computational burden involved makes this 
type of EMSs not suitable for online implementation if the global optimal solution 
is required. However, as stated before, the solutions obtained with these techniques 
can be used for the design of rule-based approaches or as a benchmark to evaluate 
the performance of other control strategies.  
On the other hand, real-time implementable model-based techniques can also 
be found in literature which are able to provide results close to the global optimal 
solution under certain circumstances [94].  
In the following, the two categories in which model-based methods could be 
divided will be addressed.  
4.2.2.1 Numerical approaches 
Numerical optimization methods are those in which the solution to the energy 
management problem in HEV is found numerically. 
Some of the most  relevant numerical approaches found in literature that have 
been implemented for the control of HEVs are: Dynamic Programming (DP) [26], 
[39], genetic algorithms [40] and stochastic dynamic programming [41]. 
In theory, by using numerical techniques like DP, there is no limit to the level 
of complexity of the problem. However, in practice, the limiting factor is the high 
number of computations required to find the solution [95], [96]. This numerical 
approach will be further discussed in section 4.4.  
4.2.2.2 Analytical approaches 
Analytical optimization methods use an analytical problem formulation to find a 
solution to the energy management problem in HEVs. Moreover, they can also be 
used to make the numerical solution faster than it would be by using a purely 
numerical method [66], [77].  
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As mentioned before, to be able to find a closed-form solution to the energy 
management problem, the level of complexity of the models employed is limited 
accordingly [97].  
Pontryagin’s Minimum Principle (PMP) [37] is one of the most widely used 
analytical control approaches applied to the energy management of HEVs [1]. It 
has been proved that, under certain conditions, PMP gives a non-causal solution 
which is globally optimal [42], [43].  
In the field of real-time implementable model-based control methods, several 
research efforts have been dedicated to the  Equivalent Consumption Minimization 
Strategy (ECMS) [27], [47]. This approach is real-time implementable since it is 
based on the minimization, at each time step, of a predefined cost function.  
PMP and ECMS together with the connection that exists among them will be 
further addressed in sections 4.5 and 4.6.  
In addition to the previously discussed techniques, researchers have recently 
show interest in the use of convex optimization [44] to solve the optimal energy 
management problem in HEVs [45], [46]. This approach can significantly reduce 
the computational time with respect to some numerical methods as DP. However, 
its use requires additional model approximations. Moreover, discrete control 
variables, e.g., ICE state or the engaged gear number, cannot be included in a 
convex formulation [45].  
4.3 The optimal control problem in HEVs 
The energy management in HEVs will be formalized here as an implementation of 
optimal control theory. In particular, it will be framed as a constrained-finite time 
horizon optimal control problem. This problem consists in finding the control law 
that minimizes a predefined performance index while meeting the dynamic state 
constraints, the local and global state constrains and the local control constraints 
[1]. 
Each of the quantities needed for a complete definition of the optimal control 
problem will be treated in the following sections. The reader is referred to [26], [37] 
for further details regarding the equations presented.  
4.3.1 Performance index  
The performance index to be minimized is defined as: 
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 Ψ = 𝜙 (𝐱(𝑡 )) + ∫ 𝐿(𝐱(𝑡), 𝐮(𝑡))
𝑡𝑓
𝑡0
𝑑𝑡 (4-1) 
where, 
𝐱(𝑡) is the state vector.   
𝐮(𝑡) is the control vector.  
𝐿(𝐱(𝑡), 𝐮(𝑡)) is the instantaneous cost function. 
𝜙 (𝐱(𝑡 )) is the terminal cost. 
𝑡  is the final time, end of the optimization horizon. 
𝑡0 is the initial time. 
𝐿(𝐱(𝑡), 𝐮(𝑡)) is a generic cost function in which several objectives can be 
combined together by introducing properly calibrated weighting factors.  
The terminal cost 𝜙 (𝐱(𝑡 )) is a penalty function used to induce the final value 
of state variables.  
4.3.2 States and constrains 
Depending on the developed model of the HEV of interest, a series of state variables 
are defined which will be subjected to dynamic constrains that can be represented 
in the form of: 
 ?̇?(𝑡) = 𝑓(𝐱(𝑡), 𝐮(𝑡)) (4-2) 
Global state constrains are conditions that the final value of state variables 
should satisfy. A state variable 𝑥(𝑡) should reach a predefined value 𝑥𝑟𝑒𝑞,  at the 
final time 𝑡 . This can be enforced as a hard constrain 𝐱(𝑡 ) = 𝐱𝑟𝑒𝑞,  or as a soft 
constrain introducing the penalty function 𝜙 (𝐱(𝑡 )) into the performance index, 
which is usually a function of the difference 𝐱(𝑡 ) – 𝐱𝑟𝑒𝑞, . 
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The function 𝐆(𝐱(𝑡)) represents a set of inequalities that the state variables 
must satisfy. If the state variables are required to remain within a predefined range 
[𝐱𝑚𝑖 , 𝐱𝑚𝑎𝑥] at all times, 𝐆(𝐱(𝑡)) can be expressed as:  
 𝐆(𝐱(𝑡)) ≤ 0 ∀ 𝑡 ∈ [𝑡0, 𝑡 ] (4-3) 
 𝐺1(𝐱(𝑡))  =  𝐱(𝑡)  −  𝐱𝑚𝑎𝑥  ≤  0  (4-4) 
 𝐺2(𝐱(𝑡))  =  𝐱𝑚𝑖  −  𝐱(𝑡)  ≤  0 (4-5) 
4.3.3 Controls and constrains  
The set of admissible controls are defined as: 
 𝐮(𝑡) ∈ 𝑈(𝑡) ∀ 𝑡 ∈ [𝑡0, 𝑡 ] (4-6) 
Where 𝑈(𝑡) indicates the set of admissible controls at each time step. 
4.4 Dynamic programming  
Dynamic programming (DP) [48], [49], [50] is a numerical method to solve 
problems in which a sequence of interrelated decisions have to be taken [51]. This 
approach yields a functional equation for which a solution can be found by using a 
digital computer [39]. 
DP is the only optimal control method capable of providing the optimal solution 
to problems of any complexity level within the accuracy limitations imposed by the 
discretization of problem variables [1], e.g., controls and states. The resolution of 
the vector of possible solution candidates 𝑈𝑘 and states 𝑋𝑘 come from a 
compromise between the computational burden of the calculations and the accuracy 
of the results [34]. 
When implementing DP, the optimal solution is found proceeding backwards, 
i.e.: starting from the final step, the sequence of controls which minimizes the sum 
of the costs from the current state to the end of the optimization horizon is found at 
each step [39]. 
Note that the above statement implies that in order to select the first control 
action, the backward solution of the entire problem needs to be found [34], 
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therefore, in the context of HEVs, the entire driving cycle must be known a priori, 
making DP a non-causal EMS.  
Despite not being real-time implementable, DP yields the best available 
approximation of the optimal control policy for a certain HEV allowing to 
determine its maximum capabilities. Hence, the results obtained can be useful for:  
• Optimizing the design of HEVs [98], [99]. 
• Designing of rule-based EMSs [100], [57], [101].  
• Generating benchmark solutions for real-time implementable EMSs 
[35], [102], [31], [52], [53]. 
As stated before, one of the main practical limitations to the implementation of 
DP is the computational burden involved, which increases linearly with the final 
time and exponentially with the dimension of the state vector. This is referred to in 
literature as the curse of dimensionality [39]. 
In chapter 5, DP will be used to find the global optimal solution to the energy 
management of the HEV powertrain architecture described in chapter 2. Therefore, 
a study case won’t be presented here. The reader is referred to [1] for an 
introductory example regarding the use of this technique for HEV control.  
The theoretical aspects discussed in the next paragraphs are meant to set the 
basis for understanding the work presented in the following chapter.  
4.4.1 The principle of optimality 
The method of DP is based on Bellman’s principle of optimality [48]. According to 
this intuitively appealing concept: 
An optimal policy has the property that whatever the initial state and initial 
decision are, the remaining decisions must constitute an optimal policy 
with regard to the state resulting from the first decision. 
 This implies that from any step on a discretized optimal trajectory, the 
remaining trajectory is optimal for the corresponding problem initiated at that step 
(and corresponding system states) [1], [103]. 
The mentioned principal will be described in mathematical terms in the next 
few lines.  
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Consider a discretized performance index for the optimal control problem 
starting at the initial state 𝑥0:  
 Ψ0,𝑁 = 𝐿𝑁(𝑥𝑁) + ∑ 𝐿𝑘(𝑥𝑘, 𝑢𝑘)
𝑁−1
𝑘=1
 (4-7) 
where, 
𝑘 indicates the time step 𝑘. 
𝑁 indicates the final time step. 
The corresponding optimal control trajectory is 𝑢∗ = {𝑢1∗, 𝑢2∗ , … , 𝑢𝑁−1∗ }.   
Note that the instantaneous cost function 𝐿𝑘(𝑥𝑘), called arc cost in the context 
of DP, is equivalent to the integrand of the continuous formulation of the 
performance index presented in Eq. (4-1). Hence, 𝐿𝑁(𝑥𝑁) is the terminal cost which 
depends on the final state.  
Let’s also consider the performance index for the tail subproblem starting at 
time step 𝑗, i.e., the last part of the overall problem: 
 Ψ𝑗,𝑁 = 𝐿𝑁(𝑥𝑁) + ∑ 𝐿𝑘(𝑥𝑘, 𝑢𝑘)
𝑁−1
𝑘=𝑗
 (4-8) 
The implication of Bellman’s principle of optimality is that the last part of the 
overall optimal control trajectory {𝑢𝑗∗, 𝑢𝑗+1∗ , … , 𝑢𝑁−1∗ } is the optimal solution of the 
tail subproblem. The analytical proof, which is based on the induction principal, 
can be found in [51].  
4.4.2 A recurrence relation of DP    
In order to show how the principle of optimality can be used to determine the 
solution to an optimal control problem, a recurrence relation is derived here. This 
will allow to illustrate the practical implementation of DP. The complete derivation 
can be found in [39]. 
The starting point is to consider a discretized version of the state dynamics 
described in Eq. (4-1): 
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 𝑥𝑘+1 = 𝑥𝑘 + 𝑓𝑘(𝑥𝑘, 𝑢𝑘) = 𝑓𝑑(𝑥𝑘, 𝑢𝑘) (4-9) 
Based on the discretized performance index defined in Eq. (4-7), the cost of 
reaching the final state is: 
 Ψ𝑁,𝑁(𝑥𝑁) = 𝐿𝑁(𝑥𝑁) (4-10) 
Let’s now consider a one-stage process starting at the initial state 𝑥𝑁−1: 
 Ψ𝑁−1,𝑁(𝑥𝑁−1, 𝑢𝑁−1) = 𝐿𝑁−1(𝑥𝑁−1, 𝑢𝑁−1) + Ψ𝑁,𝑁(𝑥𝑁) (4-11) 
In the previous expression, the cost of driving the system from state 𝑥𝑁−1 to 𝑥𝑁 
depends only on the state and control decision at the initial time step of this one-
stage process since the final state can be expressed as a function of those variables 
through the state equation:  
 
Ψ𝑁−1,𝑁(𝑥𝑁−1, 𝑢𝑁−1)
= 𝐿𝑁−1(𝑥𝑁−1, 𝑢𝑁−1)
+ Ψ𝑁,𝑁(𝑓𝑑(𝑥𝑁−1, 𝑢𝑁−1)) 
(4-12) 
Now it is possible to define the optimal cost as: 
 
Ψ𝑁−1,𝑁
∗ (𝑥𝑁−1)
= 𝑎𝑟𝑔 𝑚𝑖𝑛 𝑢𝑁−1∈𝑈𝑁−1 (𝐿𝑁−1(𝑥𝑁−1, 𝑢𝑁−1)
+ Ψ𝑁,𝑁(𝑓𝑑(𝑥𝑁−1, 𝑢𝑁−1))) 
(4-13) 
Note that only control candidates within the set of admissible controls are used 
when the minimization is performed [39].  
Next, the optimal cost of a two-stage process will be derived. The cost of 
transitioning from state 𝑥𝑁−2 to 𝑥𝑁 can be described as: 
 
Ψ𝑁−2,𝑁(𝑥𝑁−2, 𝑢𝑁−2, 𝑢𝑁−1)
= 𝐿𝑁−2(𝑥𝑁−2, 𝑢𝑁−2)
+ 𝐿𝑁−1(𝑥𝑁−1, 𝑢𝑁−1)
+ Ψ𝑁,𝑁(𝑓𝑑(𝑥𝑁−1, 𝑢𝑁−1)) 
(4-14) 
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It can be appreciated that the last two terms on the right side of Eq. (4-14) 
correspond to Ψ𝑁−1,𝑁(𝑥𝑁−1, 𝑢𝑁−1) from Eq. (4-12), hence: 
 
Ψ𝑁−2,𝑁(𝑥𝑁−2, 𝑢𝑁−2, 𝑢𝑁−1)
= 𝐿𝑁−2(𝑥𝑁−2, 𝑢𝑁−2)
+ Ψ𝑁−1,𝑁(𝑥𝑁−1, 𝑢𝑁−1) 
(4-15) 
Applying the principle of optimality discussed in section 4.4.1 to this two-stage 
process implies that, for any initial state and control (𝑥𝑁−2 and 𝑢𝑁−2), the remaining 
decision must be optimal with respect to the system state resulting from the 
application of the control action 𝑢𝑁−2. Moreover, the state equation allows to 
express this resulting state 𝑥𝑁−1 in terms of 𝑥𝑁−2 and 𝑢𝑁−2. Based on these 
considerations, it is possible to rewrite Eq. (4-15) as:  
 
Ψ𝑁−2,𝑁
∗ (𝑥𝑁−2)
= 𝑎𝑟𝑔 𝑚𝑖𝑛 𝑢𝑁−2∈𝑈𝑁−2 (𝐿𝑁−2(𝑥𝑁−2, 𝑢𝑁−2)
+ Ψ𝑁−1,𝑁
∗ (𝑓𝑑(𝑥𝑁−2, 𝑢𝑁−2))) 
(4-16) 
Finally, for a 𝑗-stage process, the total cost to drive the system from a certain 
state 𝑥𝑁−𝑗 to the final state 𝑥𝑁, also called cost-to-go in the context of DP, can be 
expressed as: 
 
Ψ𝑁−𝑗,𝑁
∗ (𝑥𝑁−𝑗)
= 𝑎𝑟𝑔 𝑚𝑖𝑛 𝑢𝑁−𝑗∈𝑈𝑁−𝑗 (𝐿𝑁−𝑗(𝑥𝑁−𝑗, 𝑢𝑁−𝑗)
+ Ψ𝑁−(𝑗−1),𝑁
∗ (𝑓𝑑(𝑥𝑁−𝑗, 𝑢𝑁−𝑗))) 
(4-17) 
Eq. (4-17) is the recurrence relation yield by the DP approach. This expression 
allows to appreciate how by proceeding backwards (starting at the final step) it is 
possible to find the optimal solution to the control problem at hand using model-
based techniques.    
One final consideration to be made here is that the application of a given control 
may drive the system into a state which does not exactly correspond to one of the 
discretized values of the state vector 𝑋𝑘. If this happens, the computation of the 
cost-to-go for each of the state grid values, which is necessary to find the solution 
as seen in the recurrence relation of Eq. (4-17), is done through interpolation [1]. 
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Moreover, since only the range of admissible states is considered, the states 
resulting from the optimal control trajectory will never exceed the prescribed 
boundaries [34].  
4.5 Pontryagin’s minimum principle  
Pontryagin’s Minimum Principle (PMP) [37], [95], [104], [105], [54], constitutes a 
set of necessary conditions for optimality. This theorem is regarded by some authors 
as the beginning of modern optimal control theory [106].  
Pontryagin’s approach, which is a general case of the Euler-Lagrange equation 
in the calculus of variation [42], leads to a nonlinear TPBVP that must be solved to 
obtain an optimal control law [39]. In general, the problem cannot be solved 
analytically, thus iterative numerical techniques are employed to reach a solution 
[34]. Nevertheless, PMP requires less computational effort than numerical model-
based optimization approaches like DP [35]. As mentioned before, the solution 
obtained is non-causal.  
In the following paragraphs, a generic mathematical formulation of the 
minimum principal for problems with constrains on the state variables [1] is 
presented. After reviewing the most relevant characteristics of the analytical 
problem description obtained with PMP, its application to the energy management 
of HEVs will be discussed together with the methodology used to find the desired 
solution, i.e., a particular case of the generic optimal control problem defined in 
section 4.3 will be addressed.  
4.5.1 Hamiltonian and co-state  
To obtain the desired set of equations, the first step is to define the Hamiltonian 
function as: 
 
𝐻(𝐱(𝑡), 𝐮(𝑡), 𝛌(𝑡))
= 𝐿(𝐱(𝑡), 𝐮(𝑡)) + 𝛌𝑇(𝑡) 𝑓(𝐱(𝑡), 𝐮(𝑡))
+ 𝑤(𝐱)𝑇𝑓(𝐱(𝑡), 𝐮(𝑡)) 
(4-18) 
where, 
𝑓(𝐱(𝑡), 𝐮(𝑡)) is the right-hand side of the system dynamic equation (Eq. (4-1)). 
𝛌(𝑡) is the vector of adjoint states or co-states. 
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𝑤(𝐱) is an additive penalty function.  
Next, the co-state equation is defined as: 
 
?̇?(𝑡) =  −
𝜕𝐻
𝜕𝐱
|
𝐮(𝑡)
= −
𝜕𝐿
𝜕𝐱
(𝐱(𝑡), 𝐮(𝑡))
− (𝛌(𝑡) + 𝑤(𝐱)) [
𝜕𝑓
𝜕𝐱
(𝐱(𝑡), 𝐮(𝑡))]
𝑇
 
(4-19) 
Since it is required to enforce the system states to always remain within their 
admissible region, the Hamiltonian is modified by introducing a penalty (an extra 
cost) that is activated whenever the state boundaries are reached/violated [39], [95], 
[105], i.e.: 
 𝐺1(𝐱(𝑡))  =  𝐱(𝑡) – 𝐱𝑚𝑎𝑥  >  0 (4-20) 
 𝐺2(𝐱(𝑡))  =  𝐱𝑚𝑖  –  𝐱(𝑡)  >  0 (4-21) 
In order to introduce the mentioned cost into the Hamiltonian, the additive 
penalty function 𝑤(𝐱) that depends on the derivative of the constraint function must 
be defined [1]. To do so, the time derivatives of 𝐺1 and 𝐺2 are computed up to the 
order in which the control variables appear explicitly for the first time [58], [71]. 
For example, if the control 𝐮(𝑡) appears in the first time derivative of 𝐺1 and 𝐺2: 
 
?̇?(𝐱(𝑡), 𝐮(𝑡))
= {
?̇?1(𝐱(𝑡), 𝐮(𝑡)) =
𝑑𝐺1
𝑑𝑡
= ?̇?(𝑡) = 𝑓(𝐱(𝑡), 𝐮(𝑡))
?̇?2(𝐱(𝑡), 𝐮(𝑡)) =
𝑑𝐺2
𝑑𝑡
= −?̇?(𝑡) = −𝑓(𝐱(𝑡), 𝐮(𝑡))
 
(4-22) 
Thus, 𝑤(𝐱) can be defined so that solutions in which the selected control 
variables lead to state values outside of their admissible region are penalized: 
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𝑤(𝐱)
= {
𝜎 𝑖𝑓 𝐺1(𝐱(𝑡)) >  0 (upper constrains active)
−𝜎 𝑖𝑓 𝐺2(𝐱(𝑡)) > 0 (lower constrains active)
0 𝑖𝑓 𝐆(𝐱(𝑡)) <  0 (constrains not active)
 (4-23) 
where 𝜎 is the cost of reaching/violating the state boundaries.  
The value of the constant 𝜎 is arbitrary. In general, 𝜎 is selected high enough 
to guarantee that the introduced cost function is capable of enforcing the state 
constrains [107], [58].  
This definition of the additive penalty function introduces discontinuities in the 
Hamiltonian at the times in which the state boundaries are reached/violated, this 
translates into discontinuities in the value of the co-state variables [108].  
4.5.2 Necessary conditions for optimality  
The set of necessary conditions for optimality provided by PMP [26], [37] will be 
addressed here.  
1. Conditions on the states and co-states.  
The states and co-states must satisfy the following conditions:  
 ?̇?∗(𝑡) =  
𝜕𝐻
𝜕λ
|
𝐮∗(𝑡)
 (4-24) 
 ?̇?∗(𝑡) =  −
𝜕𝐻
𝜕𝐱
|
𝐮∗(𝑡)
 (4-25) 
where ∗ indicates optimality.  
2. Boundary conditions. 
The initial conditions on the state variables are: 
 𝐱∗(𝑡0)  =  𝐱0 (4-26) 
If only 𝑞 final states are defined: 
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 𝑥𝑗∗(𝑡 ) =  𝑥𝑗,    𝑗 = 1,… , 𝑞 (4-27) 
If no terminal conditions are imposed on the state, then the terminal condition 
is given on co-state, which must be: 
 𝜆𝑗∗(𝑡 ) =  
𝜕𝜙 (𝐱(𝑡 ))
𝜕𝑥𝑗
|
𝑡𝑓
𝑗 = 𝑞 + 1,… ,𝑚 (4-28) 
where 𝑚 is the total number of states. 
3. Conditions on the control variables. 
The optimal solution 𝐮∗(𝑡) at each time instant is such that: 
 𝐮∗(𝑡)  =  𝑎𝑟𝑔 𝑚𝑖𝑛 𝐮(𝑡)∈𝑈(𝑡)  (𝐻(𝐮(𝑡), 𝐱(𝑡), 𝛌(𝑡))) (4-29) 
Therefore, 
 
𝐻(𝐮(𝑡), 𝐱∗(𝑡), 𝛌∗(𝑡))  
≥  𝐻(𝐮∗(𝑡), 𝐱∗(𝑡), 𝛌∗(𝑡)), ∀ 𝐮(𝑡)  
∈  𝑈(𝑡), ∀ 𝑡 ∈  [𝑡0, 𝑡𝑓 ] 
(4-30) 
A control law that respects the conditions established by the minimum principle 
is called extremal. Since these conditions are only necessary, the optimal solution, 
if exists, must be an extremal control. On the other hand, not all extremal controls 
are optimal [37]. 
As it can be appreciated in the previous set of equations, PMP allows redefining 
an optimal control problem in terms of local conditions that must be respected at 
each time instant. However, the global nature of the problem does not disappear 
since boundary conditions are given at the initial and final time [1]. 
In general, solving the TPBVP yield by the conditions provided by the 
minimum principal implies properly selecting 𝑞 initial values of the co-states so 
that the conditions imposed at the final time for the state variables are satisfied [26]. 
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Hence, in order to solve the problem numerically, an iterative procedure must be 
used [1].  
4.5.4 Application to HEVs 
Having discussed a general formulation of the minimum principle applicable to 
problems with constrains on the state variables, the optimal solution to the energy 
management problem for a generic parallel HEV is obtained here by applying PMP. 
This will set the basis for understanding the relationship that the real-time 
implementable instantaneous minimization methods discussed in section 4.6 have 
with the optimal solution.    
PMP has been extensively employed in literature to obtain the optimal EMS for 
several HEVs architectures [1], [26], [42], [109]–[111]. 
4.5.4.1 Performance index 
The control objective is to minimize fuel consumption. The performance index is 
thus defined: 
 Ψ = ∫ ?̇? (𝑃𝐸𝑀(𝑡))
𝑡𝑓
𝑡0
𝑑𝑡 (4-31) 
where, 
?̇? (𝑃𝐸𝑀(𝑡)) is the fuel consumption rate. 
𝑃𝐸𝑀(𝑡) is the power request to the electrical path (EM).   
The fuel mass rate ?̇? (𝑃𝐸𝑀(𝑡)) in Eq. (4-31) corresponds to the instantaneous 
cost function 𝐿(𝐱(𝑡), 𝐮(𝑡)) in Eq. (4-1). 
The terminal cost is excluded from the performance index since the final value 
of state variables is enforced as a hard constrain.    
4.5.4.2 States and constrains  
In general, when minimizing fuel consumption is the only concern, the only state 
variable considered is the SOC [34]. Instead, in this section, the State of Energy 
(SOE) is used as the state variable. This allows to have the battery charge-
effectiveness factor explicitly in the Hamiltonian, providing clear insights about the 
physical meaning of the instantaneous minimization performed at each time instant.  
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For the definitions of variables related to the battery model, the reader is 
referred to section 2.2.3.4. 
To derive an equation for the SOE, the first step is to define the battery 
electrochemical energy variation. As it can be seen in the next equation, this 
variable represents the amount of energy provided by the battery in a certain time 
window [1].  
 𝐸𝑒𝑐 (𝑡) = −∫ 𝑃𝑒𝑐 (𝑡) 𝑑𝑡
𝑡𝑓
𝑡0
 (4-32) 
where 𝑃𝑒𝑐  is the battery electrochemical power. 
 Note that when the battery is being discharged (positive battery 
electrochemical power) the energy stored in the battery reduces, thus explaining the 
minus sign in the previous equation. 
The definition of the electrochemical power is: 
 𝑃𝑒𝑐 (𝑡) = 𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) 𝐼(𝑡) (4-33) 
where, 
𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) is the OCV.  
 𝐼(𝑡) is the battery current.  
The SOE is defined as the amount of energy stored 𝐸𝑒𝑐 , relative to the 
maximum amount of energy that the battery can hold 𝐸𝑏. The latter is equal to the 
product of the nominal charge capacity 𝑄 𝑜𝑚 and the nominal value of the OCV 
𝑉𝑂𝐶, 𝑜𝑚 [112]. Thus: 
 𝐸𝑏 = 𝑄 𝑜𝑚𝑉𝑂𝐶, 𝑜𝑚 (4-34) 
 𝑆𝑂𝐸(𝑡) =
𝐸𝑒𝑐 (𝑡)
𝐸𝑏
 (4-35) 
The time derivative of SOE can be written as: 
4.5 Pontryagin’s minimum principle 4-155 
 
 𝑆𝑂𝐸̇ (𝑡) = −
1
𝐸𝑏
𝑃𝑒𝑐 (𝑡) (4-36) 
The battery charge-effectiveness factor is then defined as: 
 𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡)) =
𝑃𝑏(𝑡) + 𝑅𝑏(𝑆𝑂𝐶(𝑡))𝐼
2(𝑡)
𝑃𝑏(𝑡)
 (4-37) 
where, 
𝑃𝑏(𝑡) is the power at battery terminals.  
𝑅𝑏(𝑆𝑂𝐶(𝑡)) is the battery internal resistance.  
From the zero-th order circuit model adopted in section 2.2.3.4: 
 𝑃𝑒𝑐 (𝑡) = 𝑃𝑏(𝑡) + 𝑅𝑏(𝑆𝑂𝐶(𝑡))𝐼2(𝑡) (4-38) 
Finally, the state equation can be rewritten as: 
 
𝑆𝑂𝐸̇ (𝑡) = −
1
𝐸𝑏
[
𝑃𝑏(𝑡) + 𝑅𝑏(𝑆𝑂𝐶(𝑡))𝐼
2(𝑡)
𝑃𝑏(𝑡)
 ] 𝑃𝑏(𝑡)
= −
1
𝐸𝑏
𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡)) 𝑃𝑏(𝑡) 
(4-39) 
The local constraints on the state are enforced in terms of the battery SOC. Its 
relationship with the SOE is addressed further ahead in section 4.6.2.2. The 
constrains, reflect the fact that the SOC is required to remain within a certain range. 
This is to make the battery work at high efficiency and preserve its cycle life [112]. 
Analogous to Eq. (4-4) and Eq. (4-5) of the general problem formulation, it can 
be written that: 
 𝐺1(𝑆𝑂𝐶(𝑡))  =  𝑆𝑂𝐶(𝑡)  − 𝑆𝑂𝐶𝑚𝑎𝑥  ≤  0 (4-40) 
 𝐺2(𝑆𝑂𝐶(𝑡))  =  𝑆𝑂𝐶𝑚𝑖  −  𝑆𝑂𝐶(𝑡)  ≤  0 (4-41) 
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Thus 𝑤(𝑥) can be defined as: 
 𝑤(𝑆𝑂𝐶(𝑡)) = {
𝜎  𝑖𝑓 𝑆𝑂𝐶(𝑡) ≥ 𝑆𝑂𝐶𝑚𝑎𝑥
−𝜎 𝑖𝑓 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑚𝑖 
0 𝑒𝑙𝑠𝑒
 (4-42) 
4.5.4.3 Controls and constrains  
The control variable is the power request to the electrical path. 
 𝑢(𝑡) = 𝑃𝐸𝑀(𝑡) (4-43) 
Local constraints on the control variables are imposed to guarantee that the 
physical operation limits of powertrain actuators are respected by the solution, e.g., 
maximum and minimum ICE and EM torque and speed, and battery power. 
4.5.4.4 Hamiltonian and co-state 
Using the variables defined above, the Hamiltonian of the system in Eq. (4-18) can 
be written as: 
 
𝐻(𝑆𝑂𝐸(𝑡), 𝑃𝐸𝑀(𝑡), 𝜆(𝑡))
= ?̇? (𝑃𝐸𝑀(𝑡))
− (𝜆(𝑡) + 𝑤(𝑆𝑂𝐶(𝑡))) (
1
𝐸𝑏
𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡))𝑃𝑏(𝑡)) 
(4-44) 
Note that the power at battery terminals 𝑃𝑏(𝑡) will depend on the power 
requested to the electrical path 𝑃𝐸𝑀(𝑡). 
The co-state equation is defined as: 
 
?̇?(𝑡)
=  (𝜆(𝑡)
+ 𝑤(𝑆𝑂𝐶(𝑡)))(
1
𝐸𝑏
𝜕𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡))
𝜕𝑆𝑂𝐸
 𝑃𝑏(𝑡)) 
(4-45) 
The co-state has the function of relative weight of the terms in the Hamiltonian. 
Thanks to the selection of the SOE as the state variable, it can be seen that the 
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instantaneous minimization of the Hamiltonian implies minimizing the sum of the 
actual fuel consumed and a term that is related to the efficiency of the electrical 
path. This implies that even though the electrical energy is not included into the 
performance index, the optimal solution won’t reflect an arbitrary use of it.   
The units of 𝜆(𝑡) are grams when the fuel consumption is computed in those 
same units. 
4.5.4.5 Existence of the solution and sufficient conditions for optimality  
An optimal EMS is assumed to exist for the HEV of interest. It is intuitive that there 
is at least one control trajectory that allows to minimize fuel consumption.  
On the other hand, the uniqueness of the solution is not guaranteed by the 
theorem. If there is only one solution that satisfies the necessary conditions 
established by PMP, that solution must be optimal [42]. However, even if multiple 
controls are found, all of them could be tested to identify the one yielding the 
minimum cost [1].  
The optimality of the solution found using PMP and its relation with the battery 
characteristics is discussed in [42], [43]. 
4.5.4.6 Solution of the optimal control problem   
As stated at the beginning of section 4.5, the solution obtained with PMP is non-
causal. The reason being that the initial value of the co-state that yields the optimal 
solution is unknow [34].  
An iterative procedure that has been successfully implemented to solve the 
optimal control problem for HEVs using PMP is the so-called shooting method. 
Examples can be found in [1], [34], [71]. 
The mentioned procedure can be summarized in the next few steps:   
1. Assume an arbitrary value for the initial co-state 𝜆(𝑡0). 
2. Solve the problem finding the sequence of controls that minimizes the 
Hamiltonian. 
In every iteration, a control is found by: 
2.1.Define the set of admissible control values.  
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2.2.Compute the Hamiltonian for each control candidate.  
2.3.Select the control candidate that minimizes the Hamiltonian. 
3. Integrate the dynamic equations to calculate the final values 𝑆𝑂𝐸(𝑡 ) and 
𝜆(𝑡 ). 
4. Repeat the above steps if the boundary conditions are not satisfied, i.e., the 
final value of the state variable is different than its reference (by more than 
a certain threshold).  
4.6 Instantaneous minimization methods 
Even though both PMP and DP are techniques able to provide the optimal solution 
to the energy management problem in HEVs, the requirement of knowing a priori 
the future driving conditions generates the need of searching for other EMSs that 
are real-time implementable. 
As mentioned in section 4.2.2.2, approaches based on the minimization, at each 
time instant, of a predefined cost function have received a lot of attention in 
literature due to their causal nature. 
Instantaneous minimization methods have been shown to be able to obtain 
results which are close to the global optimal solution [27], [94]. Moreover, the local 
nature of the operations performed makes these approaches computationally less 
demanding than other methods like DP.  
In this section, ECMS, which is the most important and well-known technique 
among the instantaneous minimization methods, and a variant of it referred to as A-
ECMS are addressed in detail to provide the theoretical foundations for the work 
presented in chapter 6 regarding online implementable EMSs, where their 
application is illustrated. In particular, their relationship with the optimal solution 
is discussed in section 4.6.2.    
4.6.1 ECMS 
The Equivalent Consumption Minimization Strategy (ECMS) [47], [113], [114], 
[115] is a model-based method that allows solving optimal control problems in 
which the control objectives are integral in nature, e.g., reducing as much as 
possible the total fuel consumption over a defined optimization horizon, through a 
succession of instantaneous minimizations of a certain cost function.  
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The idea at the core of the ECMS is that an equivalent fuel consumption can be 
associated with the use of electrical energy [116], i.e., electrical energy has a cost 
associated to it even when the main objective is to minimize fuel usage. This idea 
finds its justification in the intuitive realization that in a charge-sustaining HEV, 
since the SOC does not change significantly during a single driving mission, the 
energy storage system can be regarded as an energy buffer where all the energy 
ultimately comes from fuel [115], [117]. Therefore, when the EM is used, the 
battery will have to be recharged on a later stage, implying an instantaneous fuel 
consumption. On the other hand, when the battery SOC increases, considering that 
the energy stored could be used in the future to reduce the ICE load, this can be 
seen as an instantaneous fuel saving.  
Based on these considerations, the ECMS algorithm, using an appropriate 
model of the system, estimates the fuel and electrical energy consumption resulting 
for each of the possible control candidates and makes a decision aiming at locally 
minimizing an equivalent fuel consumption given by: 
 ?̇? ,𝑒𝑞(𝑡) = ?̇? (𝑡) + ?̇?𝑒(𝑡) = ?̇? (𝑡) + 𝑠(𝑡)
 𝑃𝑏
𝐿𝐻𝑉
 (4-46) 
where, 
?̇?𝑒(𝑡) is the fuel consumption rate associated with the use of electrical energy. 
𝑠(𝑡) is the ECMS equivalence factor.   
𝐿𝐻𝑉 is the fuel lower heating value.   
In order to guarantee that the EMS respects the physical limitations of 
powertrain components, only control candidates within the set of admissible values 
are used when the minimization is performed [58]. 
As it can be appreciated in Eq. (4-46), the equivalence factor 𝑠(𝑡) allows 
converting electrical power into an equivalent amount of chemical fuel power 
which is translated into fuel mass flow through its LHV. Note that depending on 
the sign of the power request to the battery, the equivalent fuel consumption can be 
either higher or lower than the actual fuel usage. 
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It is quite obvious at this point, that selecting the most appropriate value of 
equivalence factor is fundamental to the effectiveness of the strategy. This aspect 
is treated in section 4.6.2 together with the practical issues that it involves.   
4.6.2 Equivalence between PMP and the ECMS  
Even though ECMS was first introduced in [47] as a heuristic method derived from 
engineering intuition, it was later shown that under certain conditions it is 
equivalent to PMP [58], i.e., ECMS is able to provide the optimal solution to the 
energy management of HEVs.   
The mathematical formulation presented in this section is meant to illustrate the 
relationship between ECMS and PMP, allowing to have insights about the meaning 
of the equivalence factor and some practical implementation issues.   
4.6.2.1 Relation between the co-state and the equivalence factor 
The next few lines will serve to derive an expression of the ECMS equivalence 
factor in terms of the co-state variable from the PMP formulation.  
The expressions derived before for the Hamiltonian (Eq. (4-44)) and the 
equivalent fuel consumption (Eq. (4-46)) will be reported here for convenience: 
 𝐻(𝑆𝑂𝐸(𝑡), 𝑃𝐸𝑀(𝑡), 𝜆(𝑡))
= ?̇? (𝑃𝐸𝑀(𝑡))
− (𝜆(𝑡) + 𝑤(𝑆𝑂𝐶(𝑡)))
1
𝐸𝑏
𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡))𝑃𝑏(𝑡) 
 
 ?̇? ,𝑒𝑞(𝑡) = ?̇? (𝑡) + ?̇?𝑒(𝑡) = ?̇? (𝑡) + 𝑠(𝑡)
 𝑃𝑏
𝐿𝐻𝑉
  
The similarity in the form of these two equations is evident. Both expressions 
represent the sum of the actual fuel consumption and a term that is proportional to 
the energy request to the electrical path. For the former equations to be equal: 
 
𝑠(𝑡)
= −(𝜆(𝑡) + 𝑤(𝑆𝑂𝐶(𝑡))) 𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡)) 
𝐿𝐻𝑉
𝐸𝑏
 (4-47) 
Eq. (4-47) shows that ECMS is equivalent to PMP if the equivalence factor is 
defined as a time-varying parameter that depends on the battery charge-
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effectiveness factor, i.e., the equivalence factor is related to the efficiency of the 
electrical path and is not in general a constant. The fundamental implication of this 
fact is that a real-time implementable strategy like ECMS is also formally optimal 
[71].  
Based on the previous considerations it should be noticed that, despite of its 
instantaneous formulation, the optimal solution when applying ECMS can only be 
guaranteed by means of an iterative procedure that relies on the future driving 
conditions [27], as described for PMP in section 4.5.4.6. Moreover, also in this case 
the function 𝑤(𝑆𝑂𝐶(𝑡)) allows to maintain the SOC within its desired range.  
As explained before, both the co-state and the equivalence factor allow to 
convert electrical power into fuel power serving as a weighting factor when 
minimizing the equivalent fuel consumption (or the Hamiltonian given the analogy 
made). The initial value selected for this variable defines how close the final state 
will be from its target. Since for real-time implementation an offline calibration is 
required, the optimal equivalence factor may different from the one for which 
ECMS is tuned, the strategy still works but the its potential is not fully realized.  
4.6.2.2 Constant co-state assumption 
It is often the case that the OCV and internal resistance characteristics of the 
battery are such that their dependence on SOC (over the SOC range of operation) 
can be neglected [1]. 
This implies that: 
 𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) = 𝑉𝑂𝐶,𝑒𝑞 (4-48) 
where 𝑉𝑂𝐶,𝑒𝑞 is the constant value of the OCV considered for a certain SOC 
range. 
In the case in which the OCV can be considered a constant, the relationship 
between the SOE and the SOC can be described starting from Eq. (4-33) and Eq. 
(4-35) as: 
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𝑆𝑂𝐸(𝑡) = −
∫ 𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) 𝐼(𝑡) 𝑑𝑡
𝑡𝑓
𝑡0
𝐸𝑏
=
𝑉𝑂𝐶,𝑒𝑞
𝑉𝑂𝐶, 𝑜𝑚
𝑄(𝑡)
𝑄 𝑜𝑚
=
𝑉𝑂𝐶,𝑒𝑞
𝑉𝑂𝐶, 𝑜𝑚
 𝑆𝑂𝐶(𝑡) 
(4-49) 
In addition, the derivative of the charge-effectives factor with respect to SOC 
is: 
 
𝜕𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡))
𝜕𝑆𝑂𝐶
=
1
𝑃𝑏
2(𝑡)
((
𝜕𝑃𝑏(𝑡)
𝜕𝑆𝑂𝐶
+
𝜕𝑅𝑏(𝑆𝑂𝐶(𝑡))
𝜕𝑆𝑂𝐶
𝐼2(𝑡) + 2
𝜕𝐼(𝑡)
𝜕𝑆𝑂𝐶
)𝑃𝑏(𝑡)
− (𝑃𝑏(𝑡) + 𝑅𝑏(𝑆𝑂𝐶(𝑡))𝐼
2(𝑡))
𝜕𝑃𝑏(𝑡)
𝜕𝑆𝑂𝐶
) 
(4-50) 
with: 
 𝜕𝐼
(𝑡)
𝜕𝑆𝑂𝐶
=
𝜕𝐼(𝑡)
𝜕𝑉𝑂𝐶
𝜕𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡))
𝜕𝑆𝑂𝐶
+
𝜕𝐼(𝑡)
𝜕𝑅𝑏
𝜕𝑅𝑏(𝑆𝑂𝐶(𝑡))
𝜕𝑆𝑂𝐶
 (4-51) 
Therefore, under the assumptions: 
 𝜕𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡))
𝜕𝑆𝑂𝐶
≈ 0 (4-52) 
 𝜕𝑅𝑏(𝑆𝑂𝐶(𝑡))
𝜕𝑆𝑂𝐶
≈ 0 (4-53) 
It can be concluded that: 
 𝜕𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡))
𝜕𝑆𝑂𝐸
≈
𝜕𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡))
𝜕𝑆𝑂𝐶
≈ 0 (4-54) 
This means that the co-state equation can be approximated to: 
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 ?̇?(𝑡) =  (𝜆(𝑡) + 𝑤(𝑥)) [
1
𝐸𝑏
𝜕𝜀𝑏(𝑆𝑂𝐶(𝑡), 𝑃𝑏(𝑡))
𝜕𝑆𝑂𝐸
 𝑃𝑏(𝑡)]
≈ 0 
(4-55) 
Meaning the co-state has a constant value: 
 𝜆(𝑡) = 𝜆(𝑡0)  (4-56) 
Eq. (4-56) implies that the equivalence between ECMS and PMP can be 
exploited without having to integrate the co-state equation, which reduces the 
computational load. Hence, the quality of the results is directly linked to the 
selection of the initial co-state, which, as stated before, serves as a weighting factor 
when minimizing the equivalent fuel consumption. Therefore, if the selected value 
is too high, the cost of using electrical energy would be excessively elevated making 
the electrical path capabilities not fully exploited. On the other hand, if it is too low, 
the battery would be depleted fast implying that the EM won’t be necessarily used 
when it is most convenient. 
The constant co-state assumption has shown in simulations to yield results close 
to the optimal solution obtain with a dynamic co-state [71], [42]. 
4.6.2.3 Notes on the co-state 
Having explained the physical meaning of the co-state for the optimal control of 
HEVs, in this paragraph, some of the most relevant remarks to the work that will 
be presented in chapter 6 about its behavior are presented. 
For the case in which road grade is not considered, the following observations 
regarding the co-state can be found in literature: 
• The co-state is a function of both the HEV powertrain and driving cycle 
features [26]. In particular, the energy characteristics of driving cycles, i.e., 
the amount of potential regenerative braking relative to the total tractive 
energy request, has been identified to be linked to the optimal co-state value 
[71].  
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• The dependency of the optimal initial co-state on the driving cycle 
characteristics implies that the optimal EMS for HEVs can only be 
warranted by PMP/ECMS when the method is applied offline [34].   
• Simulations results have shown that, depending on some characteristics of 
the energy storage system, the co-state could be approximated by its initial 
value since it presents very small variations during the whole driving cycle 
[1], [53], [118], [119]. 
• For a given driving cycle, the optimal co-state increases with the trip length 
[60], [118]. However, after a certain distance is traveled, the mentioned 
trend becomes less evident [38]. 
4.6.3 A-ECMS 
In section 4.6.2 the most relevant characteristics of the equivalence factor were 
discussed. In particular, it was addressed how the selection of its value affects the 
quality of the results obtained with ECMS in terms of reaching the target SOC at 
the end of the driving mission.  
Considering that a real-time implementable strategy cannot retain the future 
driving conditions as known, an adaptation scheme for the equivalence factor 
should be in place to adjust the value of this parameter as driving conditions change. 
EMSs that perform this kind of adaptation online are referred to in literature as 
Adaptive Equivalent Consumption Minimization Strategy (A-ECMS). 
Based on the adaptation techniques, A-ECMS implementations can be divided 
in the following categories: 
• Adaptation based on driving cycle prediction [29], [120], [121]. 
• Adaptation based on driving pattern recognition [122], [59]. 
• Adaptation based on feedback from SOC [60], [73], [61], [72]. 
The methods in the first of the three aforementioned categories use estimates 
of the future driving conditions to perform a periodic recalculation/optimization of 
the equivalence factor. On the other hand, techniques based on driving pattern 
recognition select the most suitable value from data stored offline based on an 
analysis of the past driving conditions. Therefore, the later method takes advantage 
4.6 Instantaneous minimization methods 4-165 
 
of the fact that similar optimal equivalence factors are required for driving 
schedules with similar characteristics.  
In the following paragraph, A-ECMS variants in which the equivalence factor 
is adapted based on feedback from SOC will be treated in more detail since they are 
at the basis of the real-time implementable strategies developed in chapter 6.   
The various implementations of A-ECMS available in literature have shown 
that this causal strategy, despite being suboptimal, can generate results close to the 
optimal solution [60], [73]. 
4.6.3.1 Adaptation based on feedback from SOC  
In A-ECMS approaches that use SOC feedback, the main idea is to dynamically 
update the value of the equivalence factor using classical feedback control methods 
based on the difference between the current SOC and a predefined reference [1]. 
For charge-sustaining operation, the SOC reference is usually regarded as a 
constant [73]. Instead, for a charge-depleting operation, as generally seen in 
PHEVs, the optimal SOC trajectory is a quasi-linear decreasing function of the 
traveled distance, which is referred to as a blended strategy [60], [118], [123], [124]. 
The main advantages of A-ECMS approaches based on feedback from SOC is 
their robustness and low computational burden when compared to other control 
techniques. However, its full potential can only be realized if the parameters of the 
adaptation law are properly tuned. 
A possible adaptation scheme is to update the value of the equivalence factor 
at each instant according to [61]: 
 
𝑠(𝑡) = 𝑠0 + 𝐾𝑝 (𝑆𝑂𝐶𝑟𝑒 (𝑡) − 𝑆𝑂𝐶(𝑡))
+ 𝐾𝐼∫ (𝑆𝑂𝐶𝑟𝑒 (𝑡) − 𝑆𝑂𝐶(𝑡)) 𝑑𝑡
𝑡𝑓
𝑡0
 
(4-57) 
where, 
𝑠0 is the initial equivalence factor.  
𝐾𝑝 is the proportional gain of the adaptation law. 
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𝐾𝐼 is the integral gain of the adaptation law.  
𝑆𝑂𝐶𝑟𝑒  is the reference trajectory for the SOC.  
In Eq. (4-57) the integral action is added to guarantee better performance when 
tracking a constant reference value, at the price of having an extra tuning parameter. 
This continuous adaptation scheme may not always be desirable since it would 
prevent using the battery over its entire SOC range. This is due to the fact that even 
small deviations from the reference value will be corrected right away [1].  
In alternative to performing a continuous adaptation of the equivalence factor, 
a discrete adaptation law could be implemented. For example, in [73] the update is 
performed in regular intervals of time length Τ𝑠: 
 
𝑠(𝑡 + Τ𝑠) =
𝑠(𝑡) + 𝑠(𝑡 − Τ𝑠)
2
+ 𝐾𝑝 (𝑆𝑂𝐶𝑟𝑒 (𝑡) − 𝑆𝑂𝐶(𝑡)) 
(4-58) 
or after a certain distance is traveled as in [60]: 
 
𝑠(𝐷 + 𝐷𝑠) =
𝑠(𝐷) + 𝑠(𝐷 − 𝐷𝑠)
2
+ 𝐾𝑝 (𝑆𝑂𝐶𝑟𝑒 (𝐷) − 𝑆𝑂𝐶(𝐷)) 
(4-59) 
where, 
Τ𝑠 is the sampling time. 
𝐷𝑠 is the sampling distance. 
𝐷 is the current covered distance. 
In the former two equations, the two previous values of the equivalence factor 
are used to stabilize the output. This expression corresponds to an Autoregressive 
Moving Average (ARMA) filter [60].  
As stated before, in order to get proper results, the adaptation law parameters 
must be calibrated correctly. In [125] the sampling distance and the proportional 
gain have been shown to have small influence on the quality of the results. Hence, 
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a constant value can be used for different driving missions, which can be selected 
during offline calibration [34]. On the other hand, a parameter that has an elevated 
impact on the results obtained is the initial value of the equivalence factor.    
In order to properly initialize the equivalence factor, a pre-computed offline 
map (see Figure 4-1) can be used in which the optimal values are stored for several 
different cycles based on the total traveled distance and the average speed as done 
in [60]. This finds its justification in the observations made about the co-state 
behavior in section 4.6.2.3.  
 
Figure 4-1. Optimal co-state value as a function of distance and average speed 
[60]. 
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4.7 Drivability concerns in energy management strategies 
for HEVs  
A common issue found in EMSs that do not explicitly incorporate drivability 
metrics in their performance index, is that the requests sent to the powertrain 
actuators aiming at optimizing the onboard energy consumption may have negative 
effects on vehicle drivability [36]. 
In particular, two of the most relevant type of decisions that can potentially 
cause drivability issues in HEVs are [62], [63]: 
• High frequency switching among powertrain operating points/modes, 
e.g., from ICE-only mode to EV-mode. 
• Frequent gearshifts.   
These types of behavior can potentially reduce the vehicle dynamic 
performance by inducing oscillations in the powertrain which will cause discomfort 
to the vehicle occupants [36].   
Because of the way in which they are formulated, instantaneous minimization 
methods are especially inclined to provide control requests that would generate high 
frequency switching between powertrain components operating points. The reason 
for this is that the cost related to several control candidates may be very similar, 
which makes it possible for small variations in the driving conditions to 
continuously favor the selection of substantially different operating points based on 
neglectable improvements in the cost function of interest.  
In [36], [87] this problem is handled by only searching among controls 
corresponding to operating points which are close to the one from the previous 
iteration. This procedure has the extra benefit of reducing the computational burden 
of the calculations needed for the implementation of ECMS. Another approach 
would be to introduce some hysteresis into the ECMS formulation, preventing the 
EMS from inducing changes in the powertrain operating conditions if the gain in 
terms of equivalent fuel consumption is below a certain value [126]. 
When fuel consumption is the main concern, requesting transient events such 
as gearshifts and ICE starts that would result in little to no improvement in this 
regard should be avoided since, in addition to the drivability issues discussed above, 
there is an energy loss associated to them.  
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Several research efforts have been dedicated to solve these issues using 
different approaches. In [64], [65] minimizing the overall number of ICE starts and 
gearshifts was included as one of the control objectives of a stochastic dynamic 
programming algorithm. Instead, in [27] to prevent frequent ICE starts/stops as a 
result of implementing ECMS, the cost function is incremented considering the fuel 
equivalent energy (electrical energy used to power the starter) that is required to 
accelerate the ICE from rest to idle speed. In addition to the energy needed to go 
through the ICE start process, the energy losses of ICE starts and gearshifts are 
considered in [66]. Properly accounting for the energy needed to perform these 
operations allowed the developed DP formulation to minimize fuel consumption 
without providing a solution with frequent start/stops or the presence of gear 
hunting behavior.   
A detailed explanation of the considerations made to exclude frequent ICE start 
events and gearshifts from the solutions obtained with the developed EMSs is 
provided chapters 5 and 6.  
4.8 Summary  
The energy management in hybrid vehicles consists in deciding the amount of 
power delivered at each time instant by the onboard energy sources. In production 
vehicles, EMSs must be causal since real-time implementation is required. In this 
chapter, some of the most relevant EMSs for HEVs having as the main objective 
the task of reducing the overall fuel consumption during a driving mission are 
reviewed, setting the theoretical basis for understanding the work presented in 
chapters 5 and 6.  
The energy management problem in HEVs is formalized here as an 
implementation of optimal control theory and the procedure to obtain the optimal 
solution using PMP is addressed. This allowed to demonstrate the equivalence 
between ECMS and PMP, which implies that a real-time implementable EMS can 
also be regarded as formally optimal. In addition, the main characteristics of the 
equivalence factor are addressed. It is explained that the quality of the results 
obtained with ECMS in terms of reaching the target SOC depends directly on the 
selection of its value. Since the optimal co-state is a function of the driving cycle 
features and a real-time implementable strategy cannot retain this information as 
known, an adaptation scheme for the equivalence factor should be in place to adjust 
the value of this parameter as driving conditions change. Hence, A-ECMS variants 
in which the equivalence factor is adapted based on feedback from SOC are treated 
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in detail. As found in literature, these algorithms can be properly tuned only 
knowing the total trip length and the average speed. 
On the other hand, DP is also addressed because it is the only optimal control 
method capable of providing the optimal solution to problems of any complexity 
level within the accuracy limitations imposed by the discretization of problem 
variables. Despite being non-causal, its results are useful for designing rule-based 
EMSs and generating benchmark solutions. 
Finally, it is explained how EMSs that do not explicitly incorporate drive 
quality metrics in their performance index may have negative effects on the vehicle 
drivability while aiming at optimizing the onboard energy consumption. Some of 
the solutions that have been proposed to avoid high frequency switching among 
powertrain operating points/modes and frequent gearshift requests are discussed.  
 
 
  
 
Chapter 5 
5. Dynamic Programming Solution 
for the Energy Management 
Problem in Hybrid Electric 
Vehicle powertrains equipped 
with Dual-Clutch Transmissions 
5.1. Problem formulation 
The energy management problem in HEVs is formalized in chapter 2 as an 
implementation of optimal control theory. In particular, it is framed as a 
constrained-finite time horizon optimal control problem that consists in finding the 
control law that minimizes a predefined performance index while meeting the 
dynamic state constraints, the local and global state constrains and the local control 
constraints. 
In this chapter, DP (see section 4.4) is used to find the global optimal solution 
to the energy management of the HEV powertrain architecture described in section 
2.2. In the current section, the general problem formulation used is given in a 
discretized form as it is solved by the DP algorithm.  
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5.1.1 Arc cost 
The control objective is to minimize the overall fuel consumption during a certain 
driving cycle. The performance index is thus defined: 
 Ψ0,𝑁 = ∑ ?̇? ,𝑡𝑜𝑡,𝑘Τ𝑠 
𝑁−1
𝑘=0
  (5-1) 
where, 
𝑘 indicates the time step 𝑘. 
𝑁 indicates the final time step. 
?̇? ,𝑡𝑜𝑡,𝑘 is the total fuel consumption rate which considers the fuel penalties 
discussed in section 5.3. 
Τ𝑠 is the fixed time step used by the DP algorithm (1 s). 
Note that the instantaneous fuel consumption in Eq. (5-1) corresponds to the 
arc cost of the generic performance index defined in Eq. (4-7). 
5.1.2 Driving cycle information 
According to the backward quasi-static modeling approach (see section 2.2.2.1) 
adopted for the development of EMSs for HEVs, the DP implementation used 
requires as inputs from the driving cycle data: 
• Mean vehicle speed: 𝑣𝑘 
• Vehicle acceleration: 𝑎𝑘 
At each iteration, the mean vehicle speed between consecutive points in the 
given speed profile (𝑣𝑗  and 𝑣𝑗+1) is computed: 
 𝑣𝑘 =
𝑣𝑗+1 + 𝑣𝑗
2
 (5-2) 
As explained in section 2.2.2.1, it is assumed that during each time step the 
vehicle acceleration is constant: 
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 𝑎𝑘 =
𝑣𝑗+1 − 𝑣𝑗
Τ𝑠
 (5-3) 
5.1.3 States discretization and constrains 
In the DP formulation developed to solve the energy management problem at hand, 
a total of five state variables are defined: 
• SOC. 
• Gear number. 
• Quick-disconnect clutch state. 
• ICE state. 
• EM torque counter state. 
Each of these variables is defined here in a discretized form. The local and 
global state constrains imposed together with the resolution of the state grid (vectors 
composed by all the possible values the states can have, see section 4.4) are also 
reported.  
As mentioned in chapter 2, in general, when minimizing the overall fuel 
consumption is the main control objective, the battery SOC is used as the only state 
variable [34]. However, when solving an optimal control problem by means of DP, 
the only way to pass information from one iteration to the next is using state 
variables. As a consequence, for the DP solution to account for the gearshift and 
ICE start losses, the fuel cut-off functionality and the limitation described in section 
2.2.3.3 regarding the EM torque, four additional state variables are needed.  
5.1.3.1 SOC 
Since the SOC is a dynamic variable, it is defined as a state. Being able to estimate 
the value of the SOC at each iteration enables the algorithm to account for the 
physical limitations of the energy storage system and to impose a final target for it.   
The SOC is defined here using a discretized version of Eq. (2-50): 
 𝑆𝑂𝐶𝑘 = 𝑆𝑂𝐶𝑘−1 −
𝐼𝑘
𝑄 𝑜𝑚
Τ𝑠 (5-4) 
where, 
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𝑄 𝑜𝑚 is the nominal charge capacity. 
𝐼𝑘 is the battery current. 
Note that Eq. (5-4) implies that the state dynamics depends on the state itself 
and on the control inputs, i.e.: 
 𝑆𝑂𝐶𝑘 = 𝑆𝑂𝐶𝑘−1 + 𝑓𝑘(𝑆𝑂𝐶𝑘−1, 𝐮𝑘) (5-5) 
 where 𝐮𝑘 is the control vector.  
For the charge-depleting simulations presented in section 5.5, a specific final 
value is not required. On the other hand, an initial condition is given: 
 𝑆𝑂𝐶0 = 0.905 (5-6) 
Instead, for charge-sustaining simulations: 
 𝑆𝑂𝐶0 = 0.5 (5-7) 
 𝑆𝑂𝐶𝑁 ∈ [0.505,0.495] (5-8) 
For the practical implementation of the DP formulation developed, the 
constrains on the final value of the state variables must be given as a range instead 
of as a single value. As seen in Eq. (5-8), charge sustainability is considered to be 
achieved if the final SOC value is within a 10 % range around its initial value.  
According to the characteristics of the energy storage system present in the 
vehicle of interest, the local state constrains are defined as: 
 𝑆𝑂𝐶𝑚𝑎𝑥 = 0.93 (5-9) 
 𝑆𝑂𝐶𝑚𝑖 = 0.32 (5-10) 
A final remark is made regarding the discretization of the SOC. The resolution 
selected for the SOC grid is 0.1 %. As seen in simulation, a high SOC discretization 
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helps to reduce the influence of numerical errors in the DP solution at the cost of 
an increased computational effort. 
5.1.3.2 Gear number 
In order to introduce the modeling of the gearshift losses (see section 2.2.4) into the 
DP formulation, the gear number is defined as a state. In this way, by comparing 
the value of this variable at the previous iteration with the gear command being 
given at the current step, gearshift maneuvers are detected, and the corresponding 
losses can be estimated.    
For the gear number, the state dynamics depends only on the control inputs: 
 𝑔𝑛𝑥,𝑘 = 𝑔𝑛𝑢,𝑘 (5-11) 
where 𝑔𝑛𝑢,𝑘 is the gear command.  
Since the PHEV of interest is equipped with a 6-speed DCT, seven discrete 
values (state grid resolution equal to 1) are possible for the gear number state: 
 𝑔𝑛𝑥,𝑚𝑎𝑥 = 6 (5-12) 
 𝑔𝑛𝑥,𝑚𝑖 = 0 (5-13) 
The neutral gear (𝑔𝑛𝑥 = 0) is forced when the torque request to the vehicle is 
zero. 
For the gear number, there are no boundary conditions. 
5.1.3.3 Quick-disconnect clutch state 
In order to introduce the modeling of the ICE start losses (see section 2.2.5) into the 
DP formulation, the quick-disconnect clutch state is defined. In this way, by 
comparing the value of this variable at the previous iteration with the clutch 
command being given at the current step, ICE start maneuvers are detected, and the 
corresponding losses can be estimated. Note that it is considered that each time the 
quick-disconnect clutch state goes from open (disengaged) to closed (engaged), an 
ICE start is undertaken.  
As it can be inferred from the previous remarks, the quick-disconnect clutch 
state is a binary variable (state grid resolution equal to 1) that can assume one of 
two values: open (𝑄𝐷𝑥,𝑘 = 0) or closed (𝑄𝐷𝑥,𝑘 = 1). Thus, it can be written:  
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  𝑄𝐷𝑥,𝑚𝑎𝑥 = 1 (5-14) 
 𝑄𝐷𝑥,𝑚𝑖 = 0 (5-15) 
As for the gear number, the state dynamics depends only on the control inputs: 
 𝑄𝐷𝑥,𝑘 = 𝑄𝐷𝑢,𝑘 (5-16) 
where 𝑄𝐷𝑢,𝑘 is the quick-disconnect clutch command.  
For this state, there are no boundary conditions. 
5.1.3.4 ICE state 
Similar to the quick-disconnect clutch state, the ICE state is a binary variable (state 
grid resolution equal to 1) that can assume one of two values: off (𝐼𝐶𝐸𝑥,𝑘 = 0) or 
on (𝐼𝐶𝐸𝑥,𝑘 = 1).  
Therefore, it can be written:  
  𝐼𝐶𝐸𝑥,𝑚𝑎𝑥 = 1 (5-17) 
 𝐼𝐶𝐸𝑥,𝑚𝑖 = 0 (5-18) 
Moreover, the state dynamics depends only on the control inputs. The ICE state 
is determined by the torque request resulting from the torque split control input: 
 𝐼𝐶𝐸𝑥,𝑘 = {
 1          𝑓𝑜𝑟 𝑇𝐼𝐶𝐸,𝑘 > 0
 0          𝑒𝑙𝑠𝑒
 (5-19) 
where 𝑇𝐼𝐶𝐸,𝑘 is the torque request to the ICE decided by the EMS.    
For this state, there are no boundary conditions.  
The reason behind the definition of this state is that the quick-disconnect clutch 
status is not enough to determine if the ICE is being used or not since the fuel cut-
off functionality is introduced, i.e., it is possible to turn off the ICE without opening 
5.1. Problem formulation 5-177 
 
the quick-disconnect clutch, and therefore, without having to perform an ICE start 
event the next time this component is needed. Note that not disconnecting the ICE 
from the rest of the driveline means that the EM will be obligated to drag its inertia 
and also to compensate for its losses.  
5.1.3.5 EM torque counter state 
As explained in section 2.2.3.3, a counter is needed to assess for how many 
consecutive time steps the EM torque request has been higher (in absolute value) 
than its continuous torque limit. This information is crucial to establish whether to 
enforce the continuous or peak torque limits when defining the set of admissible 
control inputs to the EM. In particular, from experimental experience it was 
determined that: if the continuous torque limit is breached for 7 consecutive 
seconds, at least 13 s must pass before the EM torque can go again above its 
continuous boundary. This condition is set to ensure that the EM components 
operate on a desirable temperature range. Hence, a counter is designed in which 
each time the torque request is within the continuous limit and its value is lower 
than 7, a reset is enforced. On the other hand, when the counter reaches a value of 
7, it is reset only after 13 additional time steps have passed. 
Based on the previous considerations, the following local conditions are 
established: 
 Τ𝐸𝑀,𝑙𝑖𝑚,𝑚𝑎𝑥 = 20 (5-20) 
 Τ𝐸𝑀,𝑙𝑖𝑚,𝑚𝑖  = 0 (5-21) 
In section 5.4, the limitations imposed on the EM torque request are described 
together with an explanation of how the aforementioned counter is used to enforce 
those limits.  
Furthermore, it is also clear than the state dynamics depends on the state and 
the control inputs, i.e.:  
 Τ𝐸𝑀,𝑙𝑖𝑚,𝑘 = Τ𝐸𝑀,𝑙𝑖𝑚,𝑘−1 + 𝑓𝑘(Τ𝐸𝑀,𝑙𝑖𝑚,𝑘−1 , 𝐮𝑘) (5-22) 
Note that being this state a counter, the resolution of the state grid is equal to 1. 
Quite obviously, the initial state constrain is: 
 Τ𝐸𝑀,𝑙𝑖𝑚,0 = 0 (5-23) 
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5.1.4 Controls discretization and constrains 
According to the architecture of the powertrain system studied, three control 
variables are needed: 
• Torque split factor. 
• Gear command.  
• Quick-disconnect clutch command. 
In the following, the physical meaning of each of these variables is addressed. 
The local control constrains imposed together with the resolution of the control grid 
(vectors composed by all the possible values the control variables can have, see 
section 4.4) are also reported.  
5.1.4.1 Torque split factor 
As explained in section 4.1, the main task of any EMS for HEVs consists in 
deciding the amount of power delivered at each time instant by the onboard energy 
sources. Hence, the Torque Split Factor (TSF) is a control variable introduced to 
indicate to powertrain actuators how the total power request at the wheels is 
distributed between the ICE and the EM. 
The TSF is defined as the ratio between the EM torque request 𝑇𝐸𝑀,𝑘 and the 
total torque request at the transmission input 𝑇𝑡𝑜𝑡,𝑘: 
 𝑇𝑆𝐹𝑘 =
𝑇𝐸𝑀,𝑘
𝑇𝑡𝑜𝑡,𝑘
 (5-24) 
The local constrains on the TSF are: 
  𝑇𝑆𝐹𝑚𝑎𝑥 = 1 (5-25) 
 𝑇𝑆𝐹𝑚𝑖 = −1 (5-26) 
Given the definition presented in Eq. (5-24), the physical meaning of the values 
the TSF can take is summarized as: 
• 𝑇𝑆𝐹𝑘 = 1 implies operation in EV-mode.  
• 𝑇𝑆𝐹𝑘 ∈ (0,1) implies operation in parallel hybrid mode. 
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• 𝑇𝑆𝐹𝑘 = 0 implies operation in ICE-only mode.  
• 𝑇𝑆𝐹𝑘 ∈ [−1,0) implies operation in parallel hybrid mode. In this case, 
additional power, with respect to the tractive energy needed, is 
requested to the ICE to recharge the battery.   
It was seen in simulation, that increasing the resolution of the TSF grid allows 
to have better results. A value of 0.05 is selected.  
5.1.4.2 Gear command 
At each time step, the EMS must select the engaged gear on the DCT. As described 
in section 2.2.3.2, there are six possible gears to choose from, hence:  
  𝑔𝑛𝑢,𝑚𝑎𝑥 = 6 (5-27) 
 𝑔𝑛𝑢,𝑚𝑖 = 1 (5-28) 
As explained for the gear number state, the neutral position is enforced based 
on the torque request at the wheels (see section 5.1.3.2). 
Being the gear number a discrete variable, the resolution of the control grid is 
equal to 1. 
5.1.4.3 Quick-disconnect clutch command 
According to the definition given for the quick-disconnect clutch state in section 
5.1.3.3, the corresponding control is also a binary variable (grid resolution equal to 
1) that can assume one of two values: 
  𝑄𝐷𝑢,𝑚𝑎𝑥 = 1 (5-29) 
 𝑄𝐷𝑢,𝑚𝑖 = 0 (5-30) 
The physical meaning of these values is: 
• 𝑄𝐷𝑢,𝑘 = 1 implies that the clutch is closed or kept closed. 
• 𝑄𝐷𝑢,𝑘 = 0  implies that the clutch is open or kept open.   
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5.2 Introduction of gearshift and ICE start losses  
In this section, the way in which the modeling of the gearshift and ICE start losses 
(see sections 2.2.4 and 2.2.5) are integrated into the DP formulation is described. In 
particular, the computation of the total torque request to powertrain actuators and 
its distribution among the ICE and the EM are described while explaining how the 
outputs of the mentioned loss models are employed.  
 As anticipated in chapter 2, properly accounting for the energy needed to 
perform gearshift and ICE start operations allows to develop control strategies in 
which these maneuvers are undertaken when it is convenient in terms of the overall 
energy consumption. In the simulation results presented in section 5.5.2.2, the 
effects of integrating the loss models developed for the mentioned transient events 
are illustrated.  
5.2.1 Total torque request  
The use of the quantities estimated by the models described in chapter 2 to generate 
the total torque request at the EM shaft is discussed in this paragraph. 
The total torque request at the EM shaft when there is no gearshift is: 
𝑇𝑡𝑜𝑡, 𝑔𝑠,𝑘 = 
 {
𝑇𝐼𝐶𝐸,𝑖 ,𝑘 + 𝑇𝐼𝐶𝐸,𝑑𝑟𝑎𝑔,𝑘 + 𝑇𝐸𝑀,𝑖 ,𝑘 + 𝑇𝐺𝐵,𝑖 𝑝,𝑘 𝑓𝑜𝑟 𝑒𝑠𝑘 ≠ 1 𝑎𝑛𝑑 𝑄𝐷𝑢,𝑘 ≠ 0
𝑇𝐸𝑀,𝑖 ,𝑘 + 𝑇𝐺𝐵,𝑖 𝑝,𝑘 𝑓𝑜𝑟 𝑒𝑠𝑘 = 1 𝑜𝑟 𝑄𝐷𝑢,𝑘 = 0
 
(5-31) 
where, 
𝑇𝐼𝐶𝐸,𝑖 ,𝑘 is the ICE inertia torque (see Eq. (2-61)). 
𝑇𝐼𝐶𝐸,𝑑𝑟𝑎𝑔,𝑘 is the ICE drag torque (see Eq. (2-66)). 
𝑇𝐸𝑀,𝑖 ,𝑘 is the EM inertia torque (see Eq. (2-41)).  
𝑇𝐺𝐵,𝑖 𝑝,𝑘 is the torque request at the wheels reported to the EM shaft (see Eq. (2-39)).  
𝑒𝑠𝑘 is the ICE start status.  
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When there is an ICE start, i.e., the state of the quick-disconnect clutch goes 
from open to closed, the ICE start status 𝑒𝑠 is 1, otherwise, it is set to 0.  
In Eq. (5-31) the ICE drag torque and its inertia are considered only when the 
quick-disconnect clutch is closed and when an ICE start is not being undertaken. 
These contributions are already considered in the ICE start loss model. 
On the other hand, when a gearshift event occurs, the total torque request at the 
EM shaft is computed based on the output of the DCT gearshift loss model. 
Therefore, in general, it can be written:  
 
𝑇𝑡𝑜𝑡,𝑘
= {
𝑇𝑡𝑜𝑡, 𝑔𝑠,𝑘 𝑓𝑜𝑟 𝑔𝑠𝑘 = 0
𝑇𝑡𝑜𝑡,𝑔𝑠,𝑘 𝑓𝑜𝑟 𝑔𝑠𝑘 = 1 𝑎𝑛𝑑 𝑄𝐷𝑢,𝑘 = 0
𝑇𝑡𝑜𝑡,𝑔𝑠,𝑘 + 𝑇𝐼𝐶𝐸,𝑑𝑟𝑎𝑔,𝑘 𝑓𝑜𝑟 𝑔𝑠𝑘 = 1 𝑎𝑛𝑑 𝑄𝐷𝑢,𝑘 ≠ 0
 (5-32) 
where, 
𝑇𝑡𝑜𝑡,𝑔𝑠,𝑘 is the total torque request during gearshift maneuvers, i.e., the output 
of the gearshift loss model presented in section 2.2.4.  
𝑔𝑠𝑘 is the gearshift status. 
The gearshift status is set to 1 when the current gear number is different from 
the previous one, otherwise, its value is equal to 0. This excludes the case when 
going to/from neutral in which there is no need to compute the gearshift losses.  
Note that the ICE drag torque is added to the output of the gearshift loss model 
since this source of dissipation is not considered when generating 𝑇𝑡𝑜𝑡,𝑔𝑠,𝑘.  
As it was explained in section 2.2.5, a gearshift maneuver and an ICE start event 
are not undertaken during the same time step.  
5.2.2 Torque request to ICE 
The ICE torque request is elaborated here based on the TSF and the ICE start status. 
It is assumed that the ICE will be requested to provide positive torque. 
Therefore, considering the TSF, it can be written: 
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 𝑇𝐼𝐶𝐸,𝑘 = {
𝑇𝑡𝑜𝑡,𝑘(1 − 𝑇𝑆𝐹𝑘) 𝑓𝑜𝑟 𝑇𝑡𝑜𝑡,𝑘 > 0
0 𝑒𝑙𝑠𝑒
 (5-33) 
where 𝑇𝐼𝐶𝐸,𝑘 is the torque request to the ICE. 
On the other hand, in case of a negative request to the thermal path, mechanical 
braking is employed: 
 𝑇𝑏𝑟,𝑘 = {
𝑇𝑡𝑜𝑡,𝑘(1 − 𝑇𝑆𝐹𝑘) 𝑓𝑜𝑟 𝑇𝑡𝑜𝑡,𝑘 < 0
0 𝑒𝑙𝑠𝑒
 (5-34) 
where 𝑇𝑏𝑟,𝑘 is the torque request to the mechanical brakes reported at the EM 
shaft.  
However, in case of an ICE start, the ICE torque request and angular speed are 
overwritten by the outputs of the ICE start loss model as explained in section 2.2.5.  
5.2.3 Torque request to EM 
Similar to the ICE torque request, the torque that the EM must provide is computed 
based on the TSF and the ICE start status. 
Considering the extra torque request computed by the ICE start loss model (see 
Eq. (2-89)), the EM torque is: 
 𝑇𝐸𝑀,𝑘 = {
𝑇𝑡𝑜𝑡,𝑘𝑇𝑆𝐹𝑘 𝑓𝑜𝑟 𝑒𝑠𝑘 = 0
𝑇𝑡𝑜𝑡,𝑘𝑇𝑆𝐹𝑘 + 𝑇𝐸𝑀,𝑒𝑠,𝑘 𝑒𝑙𝑠𝑒
 (5-35) 
where 𝑇𝐸𝑀,𝑒𝑠,𝑘 is the additional torque request to the EM computed by the ICE 
start loss model.  
5.3 Introduction of fuel penalties  
In section 5.1.3.4, it is discussed how the introduction of a state variable for the ICE 
allowed the developed DP formulation to account for the possibility of not utilizing 
this component even when the quick-disconnect clutch is closed, which it is referred 
to here as the fuel cut-off functionality.   
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To account for the fact that the ICE will cool down during the time steps in 
which there is a fuel cut-off or when the quick-disconnect clutch is disengaged, 
meaning that an extra quantity of fuel will have to be used to compensate for it, a 
fuel penalty is introduced. For simplicity, a constant value is considered.  
Therefore, the total fuel consumption rate is: 
 
?̇? ,𝑡𝑜𝑡,𝑘
= {
 ?̇? ,𝑘 + ?̇? ,𝑐𝑑𝑠 𝑓𝑜𝑟 𝑒𝑠𝑘 = 1 𝑜𝑟 𝑓𝑐𝑜𝑘 = 1
?̇? ,𝑘 𝑒𝑙𝑠𝑒
 (5-36) 
where, 
?̇? ,𝑘 is interpolated from the ICE fuel rate map (see Eq. (2-62)). 
?̇? ,𝑐𝑑𝑠 is the fuel penalty for ICE cold starts (0.1 g/s). 
𝑓𝑐𝑜𝑘 is the ICE fuel cut-off status.  
When the ICE state goes from 0 to 1, i.e., from off to on, the ICE fuel cut-off 
status is equal to 1, otherwise, it is set to be 0.  
5.4 Infeasible working conditions  
The solution candidates that lead the system to infeasible working situations are 
identified by verifying a series of conditions related to the physical limitations of 
the powertrain components. 
Infeasible operating conditions are summarized by grouping them into different 
categories according to the variables being constrained. If any of the conditions 
stated below is verified, the corresponding solution candidate will be discarded by 
assigning a high enough cost to it.  
𝒆𝒔 and 𝒈𝒔 
In order to avoid further complicating the gearshift and ICE start loss models, it is 
assumed that these events are not performed in the same time step. 
Therefore, the corresponding infeasible condition could be expressed as: 
 𝑒𝑠𝑘 = 1 𝑎𝑛𝑑 𝑔𝑠𝑘 = 1 (5-37) 
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EM speed during ICE start 
As explained in section 2.2.5, the EM speed during ICE starts must be greater than 
the ICE speed at all times (except at the end of the process). 
Gear selection 
Given that multiple shifts in DCTs in which the gears involved are related to the 
same primary shaft (and clutch) would have to be modeled differently than single 
shifts, the offgoing and oncoming gear cannot both be even or odd gears. This 
condition eliminates the need to introduce an additional model for the estimation of 
gearshift process energy consumption.  
Mechanical braking during gearshifts 
Note that according to the speed profiles assumed for upshifts and downshifts when 
computing the energy consumption of the gearshift process (see section 2.2.4.3), 
only positive torque can be transmitted through both clutches. Hence, it is assumed 
that a negative torque request at the wheels will be provided by the mechanical 
brakes when changing gears.  
This implies that the total torque request computed based on the output of the 
gearshift loss model in Eq. (5-32) must not be fulfilled by attributing part of it to 
the mechanical brakes, that will only be responsible for the request at the wheels. 
Then, the corresponding infeasible condition can be expressed as: 
 𝑇𝑏𝑟,𝑘 ≠ 0 𝑎𝑛𝑑 𝑔𝑠𝑘 = 1 𝑎𝑛𝑑 𝑇 ,𝑘 < 0 (5-38) 
where 𝑇 ,𝑘 is the torque request at the wheels (see section 2.2.3.1). 
Note that 𝑇𝑏𝑟,𝑘, as defined in Eq. (5-34), represents the part of the total torque 
request at the EM shaft attributed to the mechanical brakes. Therefore, it does not 
account for the torque request at the wheels during gearshifts performed while 
braking.   
ICE torque request 
In the next few lines, the constrains on the ICE torque request are presented.  
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As explained in section 2.2.5, the ICE cannot be used to satisfy the wheel torque 
request during ICE starts. Hence, the infeasible operating condition can be 
represented as:  
 𝑒𝑠𝑘 = 1 𝑎𝑛𝑑 𝑇𝑆𝐹𝑘 ≠ 1 (5-39) 
Differently from the PHEV architecture described in section 2.1, the powertrain 
studied for energy management purposes does not have a BAS, therefore, when the 
quick-disconnect clutch is commanded to be open, it makes no sense to use the ICE. 
Hence: 
 𝑄𝐷𝑢,𝑘 = 0 𝑎𝑛𝑑 𝑇𝑆𝐹𝑘 ≠ 1 (5-40) 
One last set of infeasible operating conditions regarding the ICE torque request 
can be written considering its maximum and minimum limits: 
 𝑇𝐼𝐶𝐸,𝑘 > 𝑇𝐼𝐶𝐸,𝑚𝑎𝑥,𝑘 (5-41) 
 𝑇𝐼𝐶𝐸,𝑘 < 𝑇𝐼𝐶𝐸,𝑚𝑖  𝑒𝑠𝑘 = 0 (5-42) 
where, 
𝑇𝐼𝐶𝐸,𝑚𝑎𝑥,𝑘 is the maximum ICE torque (see section 2.2.3.5).  
𝑇𝐼𝐶𝐸,𝑚𝑖  is the minimum ICE torque (see section 2.2.3.5).  
Note that the condition on the minimum torque request is not enforced during 
ICE start events. Further note that the output of the ICE start loss model is designed 
to avoid requesting negative values.  
ICE speed   
As for the torque request, there are also infeasible operating conditions that regard 
the ICE speed.  
In general, the crankshaft speed cannot exceed its maximum limit, hence, it is 
not allowed that: 
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 𝜔𝐼𝐶𝐸,𝑘 > 𝜔𝐼𝐶𝐸,𝑚𝑎𝑥 𝑎𝑛𝑑 𝑄𝐷𝑥,𝑘 = 1  (5-43) 
where, 
𝜔𝐼𝐶𝐸,𝑘 is the crankshaft angular speed. 
𝜔𝐼𝐶𝐸,𝑚𝑎𝑥 is the maximum value of the ICE angular speed (see section 2.2.3.5). 
Same applies to its minimum speed limit when ICE is on: 
 𝜔𝐼𝐶𝐸,𝑘 < 𝜔𝐼𝐶𝐸,𝑖𝑑𝑙𝑒 𝑎𝑛𝑑 𝑄𝐷𝑥,𝑘 = 1 𝑎𝑛𝑑 𝑇𝐼𝐶𝐸,𝑘 > 0 (5-44) 
where 𝜔𝐼𝐶𝐸,𝑖𝑑𝑙𝑒 represents the idle speed.  
Note that the speed limits are only meaningful when the quick-disconnect 
clutch is closed.  
EM torque 
As mentioned in section 5.1.3.5, the selection of whether to enforce the EM 
continuous torque limit or the peak torque limit depends on the value of the counter 
introduced as a state.  
Whenever the value of the EM torque counter is higher than 7, the continuous 
torque limit is enforced. Accordingly, the infeasible conditions can be described by: 
 𝑇𝐸𝑀,𝑘 > 𝑇𝐸𝑀,𝑚𝑎𝑥,𝑘 (5-45) 
 𝑇𝐸𝑀,𝑘 < 𝑇𝐸𝑀,𝑚𝑖 ,𝑘 (5-46) 
where, 
𝑇𝐸𝑀,𝑚𝑖 ,𝑘 is the minimum EM torque. 
𝑇𝐸𝑀,𝑚𝑎𝑥,𝑘 is the maximum EM torque. 
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EM speed 
It is required that the EM must not exceed its maximum angular speed limit. Hence, 
the infeasible condition is: 
 𝜔𝐸𝑀,𝑘 > 𝜔𝐸𝑀,𝑚𝑎𝑥 (5-47) 
where, 
𝜔𝐸𝑀,𝑘 is the EM angular speed. 
𝜔𝐸𝑀,𝑚𝑎𝑥 is the maximum EM angular speed (see section 2.2.3.3). 
Battery power 
From the battery power limits discussed in section 2.2.3.4, it is clear that, if the 
following conditions are verified, the corresponding solution candidate must be 
discarded: 
 𝑃𝑏,𝑘 > 𝑃𝑏,𝑚𝑎𝑥,𝑘 (5-48) 
 𝐼𝑏,𝑘 < 𝐼𝑚𝑖 ,𝑘 (5-49) 
where, 
𝐼𝑚𝑖 ,𝑘 is the minimum charge current (see Eq. (2-56)). 
𝑃𝑏,𝑚𝑎𝑥,𝑘 is the maximum battery power (see Eq. (2-55)). 
5.5 Simulation results  
As stated in the previous chapter, despite not being real-time implementable, DP is 
able to yield the best available approximation of the optimal control policy for 
problems of any complexity level within the accuracy limitations imposed by the 
discretization of problem variables [1].  
In this section, DP is used to find the global optimal solution to the energy 
management of the HEV powertrain architecture described in section 2.2. 
Simulation results are presented for two different cases: 
• Charge-sustaining operation. 
• Charge-depleting operation. 
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These simulation results are used to assess the effect of the gearshift and ICE 
start losses in the obtained solutions. Furthermore, practical implementation issues 
related to the computational burden of the calculations are also discussed. 
The reader is referred to [127], [128] for a detailed description of a general-
purpose DP algorithm that is used here to find a solution for the optimal control 
problem formulation described in this chapter. The mentioned routine is available 
for download at [129].  
5.5.1 Driving cycle 
The World-wide harmonized Light duty Test Cycle (WLTC) was developed under 
the Working Party on Pollution and Energy (GRPE) and sponsored by the European 
Union and Japan with contributions from Switzerland, India, Korea and the USA 
[130]. 
In order to build the WLTC, driving data and traffic statistics of light duty 
vehicles from different regions were analyzed. The resulting cycle can be divided 
in four speed phases according to their average speed values as defined in [130]: 
low (< 60 km/h), medium (< 80 km/h), high (< 110 km/h) and extra-high (> 110 
km/h). The presence of these driving portions with very different characteristics is 
a consequence of the cycle being designed to represent average driving conditions 
from all around the globe [130].  
During its development, it was determined that for some vehicles, the WLTC 
was impossible to follow. Therefore, the cycle was adapted to three vehicle classes 
(class 1, class 2 and class 3) with different Power-to-Mass Ratio (PMR) [131]. 
Moreover, the WLTC class 3, defined for vehicles with a PMR higher than 34 
kW/ton, has two variants according to the maximum speed of the car under testing. 
In this dissertation, the WLTC class 3, version 3.2, is studied since the PHEV of 
interest has a maximum speed higher than 120 km/h. Table 5-1 summarizes the 
main characteristic of this cycle.  
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 Table 5-1. Driving cycle characteristics: WLTC class 3, version 3.2. 
Parameter Value 
Duration  1800 s  
Distance 23.27 km 
Average speed 46.5 km/h 
Maximum speed 131.3 km/h 
In Figure 5-1 and Figure 5-2, the speed and acceleration profiles used for the 
development and testing of EMSs are presented (see section 5.1.2). These profiles 
were measured during vehicle testing.  
 
Figure 5-1. Speed profile (experimental): WLTC class 3, version 3.2.  
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Figure 5-2. Acceleration profile (experimental): WLTC class 3, version 3.2. 
It has been argued that the New European Driving Cycle (NEDC) is not 
representative of real driving conditions, therefore, it does not properly reflect the 
actual amount pollutant emissions and fuel consumption seen during vehicle 
operation [132]. To address this issue, starting on September 2017, the NEDC lab 
test will be gradually replaced by the World-wide harmonized Light-duty Test 
Procedure (WLTP) [133]. Even though the acronyms WLTP and WLTC are 
sometimes used interchangeably, the WLTP refers to a series of procedures that, in 
addition to the WLTC, will be needed to type approve a vehicle [131]. 
5.5.2 Charge-sustaining case 
A charge-sustaining vehicle operation is studied here, i.e., the SOC at the end of the 
cycle is required to be equal to its initial value.  
As explained in section 5.1.3.1, for the practical implementation of the DP 
formulation it is required to set a range of valid values as a final state constrain 
rather than a single value. A 10 % range around the initial value is considered.  
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In the following, simulation results are presented and then used to assess the 
effects of the gearshift and ICE start losses in the obtained solutions. 
5.5.2.1 DP solution 
Simulation results for charge-sustaining operation over three repetitions of the 
driving cycle described in section 5.5.1 are discussed here. 
The DP solution is able to comply with the final constrain imposed to the SOC 
since its final value is 50.01 %. In Figure 5-3, it can be seen that the SOC almost 
repeats itself for each of the three WLTCs undertaken by the vehicle. Moreover, the 
optimal solution shows that keeping the SOC within a narrow range (less than 2 % 
in this case) around the required final value is the best way to proceed in terms of 
reducing the overall fuel consumption. These observations are in agreement with 
the results presented in previous works [73]. 
 
Figure 5-3. SOC. 
Figure 5-4 shows how the total torque request at the EM shaft is distributed 
during the last repetition of the driving schedule. An interesting observation to be 
made is that torque assist with the EM is used just in a few occasions. The vehicle 
operates mostly in ICE-only mode or EV-mode. Thus, parallel hybrid mode is 
mainly seen in the form of the ICE power being used to recharge the battery cells. 
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The same conclusions can be drawn by looking at the TSF values presented in 
Figure 5-5. It can also be appreciated that the ICE torque is generally higher than 
50 Nm, instead, lower requests are seen for the EM.   
Moreover, no mechanical braking is needed during the entire simulation, i.e., 
the electrical path powertrain components are capable of regenerating all the energy 
needed to decelerate the vehicle. Mechanical braking can be present in the results 
obtained, near the end of the driving cycle, if the SOC resolution is low enough due 
to numerical errors. An SOC grid resolution of 1 % is already too low to get good 
results.  
 
Figure 5-4. Torque split (3rd repetition). 
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Figure 5-5. TSF (3rd repetition). 
The energy request distribution can be seen in terms of power in Figure 5-6. In 
general, the power request to the EM is lower than 20 kW. Higher power requests 
are handled by the ICE. 
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Figure 5-6. Power split (3rd repetition). 
Figure 5-7 shows the optimal shifting schedule for the last part of the cycle. 
The total number of shifts is 446. As it can be better appreciated in Figure 5-8, 
where a zoom is made, the results do not present any gear hunting behavior. 
Generally speaking, when a gearshift is made, the new gear is maintained for at 
least 3 s.  
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Figure 5-7. Gear number (3rd repetition). 
 
Figure 5-8. Gear number (zoom of 3rd repetition). 
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The ICE operating points are shown in Figure 5-9. These points are 
concentrated in the ICE map region that corresponds to the lowest fuel 
consumption. This is expected considering that the arc cost defined in Eq. (5-1) 
represents the instantaneous fuel flow rate. Moreover, since the cost to be 
minimized depends directly on the used made of the ICE, it is also reasonable for 
the mean efficiency of the selected operating points to be close to the maximum 
possible value. The mean ICE efficiency is 31.87 % while the highest possible value 
is around 35 %. This trend of selecting the best working conditions is further 
discussed in section 6.1.  
Figure 5-9 also illustrates the 82 ICE starts present in the results. Furthermore, 
it is worth mentioning that the fuel cut-off functionality is used several times during 
vehicle operation.  
Note that the torque and speed limitations imposed are respected by the DP 
solution. 
 
Figure 5-9. ICE operating points. 
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On the other hand, the EM operating points can be seen in Figure 5-10. Note 
that the continuous torque limit is only breached to maximize the quantity of 
regenerative braking energy. The mean efficiency of the EM during the cycle was 
83.32 %. 
 
Figure 5-10. EM operating points. 
Finally, as a result of the EMS found with the DP technique, the total fuel 
consumption is 2643 g (see Figure 5-11). 
 
5-198 Dynamic Programming Solution for the Energy Management Problem 
in Hybrid Electric Vehicle powertrains equipped with Dual-Clutch 
Transmissions 
 
 
Figure 5-11. Fuel consumption. 
5.5.2.2 Effect of the gearshift and ICE start losses 
To assess the effects of the ICE start and gearshift losses in the solutions obtained, 
the results of a simulation of three repetitions of the cycle described in section 5.5.1 
are compared for different cases: 
• Considering both ICE start and gearshift losses. 
• Considering only the gearshift losses. 
• Neglecting both gearshift and ICE start losses (including the fuel 
penalties discussed in section 5.3). 
Table 5-2 shows the total number of gearshifts and ICE starts events together 
with the cumulative fuel consumption for all the cases considered. In parenthesis, 
the percentage difference w.r.t the solution that accounts for both sources of 
dissipation is reported.   
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Table 5-2. Effect of gearshift and ICE start losses. 
 Gearshift + ICE start losses Gearshift losses No losses 
Gearshifts 446 550 (+23 %) 1504 (+237 %) 
ICE start 82 317 (+287 %) 256 (+216 %) 
Fuel consumption 2643 2540 (-3.4 %) 2524 (-4.5 %) 
Considering both types of losses, the fuel consumption becomes higher than for 
the other two cases. The effect of the ICE start losses on fuel consumption is higher 
than the one of the gearshift losses as shown in Figure 5-12. 
 
Figure 5-12. Effect of gearshift and ICE start losses: fuel consumption. 
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According to the data presented in Table 5-2, the number of gearshift 
maneuvers increases significantly when the losses associated with them are 
neglected. This is clearly seen in Figure 5-13. 
 
Figure 5-13. Gearshift schedule: Gearshift + ICE start losses vs. No losses. 
On the other hand, Figure 5-14 helps to understand the relationship between the 
ICE start events and the gearshift losses. Looking at the results of the case in which 
only the gearshift losses are considered, at 3895 s, an ICE start event can be seen 
even tough in the next few seconds this component is not used to propel the vehicle. 
The very next second, a 1st to 6th gearshift is performed. During this upshift, having 
the quick-disconnect clutch engaged implies decelerating a higher inertia which 
increases the power available for regeneration, that in this case amounts to 20.86 
kW. If the mentioned clutch were not engaged, the available power for regeneration 
would only be 2100 W. 
This shows that neglecting the ICE start losses could lead to an unrealistic use 
of the ICE inertia to overcome gearshift losses. Therefore, the decrease in the total 
number of ICE start events seen in Table 5-2 when the gearshift losses are also 
neglected can be explained.  
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Figure 5-14. Gearshift schedule: Gearshift losses vs. No losses. 
Finally, Figure 5-15 shows statistics regarding the ICE state during the 
simulations performed. The number of instances in which the ICE is on, disengage 
and engaged but not on (fuel cut-off) for less than 5 s is reported. 
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a) Gearshift + ICE start losses 
 
b) Gearshift losses 
 
c) No losses 
Figure 5-15. Effect of Gearshift and ICE start losses: ICE state. 
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Results show that a more intermittent use of the ICE is encountered when the 
outputs from the loss models developed for the transient events mentioned before 
are not integrated into the DP formulation.  
In Figure 5-15, it can be appreciated that, when all the losses are accounted for, 
the ICE is never disengaged for less than 5 s. Moreover, only in a few instances this 
component is on for 2 or 3 s. Instead, for the other two cases, the number of times 
in which the ICE is on for less than 5 s is considerably higher. For example, the ICE 
is on for just 1 s around 40 times for both cases. This follows from the fact that 
removing the ICE start losses implies that this component can be started without 
consuming any energy. On the other hand, the quantity of instances in which the 
ICE is disengaged for a short period of time also rises significantly. The increase is 
higher for the case in which only gearshift losses are considered which can be 
explained by the observations made regarding Figure 5-14. Furthermore, these 
considerations also justify the higher amount of 1 s fuel cut-offs seen: 90 when 
neglecting the ICE start losses and 13 when gearshift losses are also not taken into 
account.     
5.5.3 Charge-depleting case 
The results obtained in simulation for charge-depleting operation over one 
repetition of the same driving cycle considered for the charge-sustaining case are 
presented.  
As stated before, one of the main practical limitations to the implementation of 
DP is the computational burden involved, which increases exponentially with the 
dimension of the state vector. The results presented for the charge-sustaining case 
were produced without including the EM torque counter state. The complete DP 
formulation is not needed since the solution obtained does not breach the EM 
continuous torque limit for more than 7 s. However, for the charge-depleting case 
the counter is necessary and its effects on the solution are addressed here. Hence, 
instead of simulating three repetitions of the driving cycle, only one is considered. 
In order to compute the minimum amount of fuel necessary to complete the 
driving schedule of interest, a final SOC target is not established. The SOC profile 
obtained is presented in Figure 5-16. Since the cycle can be driven almost entirely 
in EV-mode, as seen in Figure 5-17, the battery is continuously discharged while 
regenerative braking energy is absorbed when available (the mechanical brakes are 
never employed). This type of operation is possible thanks to the dimensions of the 
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energy storage system and capabilities of the EM mounted into the powertrain of 
the PHEV of interest. The SOC at the end of the cycle is 53.06 %.  
 
Figure 5-16. SOC. 
 
Figure 5-17. Torque split. 
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The effects of including the EM torque counter state into the DP formulation 
are seen in Figure 5-18 where the counter value is presented together with a zoom 
of the torque split time history around the only point in which the ICE is used to 
propel the vehicle. At 1564 s the ICE is used to supply part of the torque needed, 
allowing the EM to operate within its continuous torque limit for 1 s. As a 
consequence, the peak torque limit is enforced in the following 6 s and no further 
fuel is consumed. This shows the main limitation of the counter implemented, i.e., 
1 s operating within the continuous torque limit provides the possibility of 
breaching it for 7 s more. However, in the several simulations performed, this 
situation is not very common. Furthermore, the counter introduced showed to be 
useful to enforce mechanical braking after high amounts of negative torque are 
requested to the EM (see section 6.3.2). Note that to improve the way in which the 
EM torque limits are imposed, physical consideration may have to be introduced 
into the DP formulation, thus further complicating the vehicle model. 
 
Figure 5-18. Effect of the EM counter state. 
As it can be appreciated in Figure 5-19, where the gearshift schedule is 
presented, the results do not present any gear hunting behavior. The total number 
of shifts is 95.  
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Figure 5-19. Gear number. 
The EM operating points are presented in Figure 5-20. Differently from the 
results seen for the charge-sustaining run, the continuous torque limit is breached 
also when providing tractive torque. The mean efficiency of the EM working points 
is 86.58 %, thus, higher than for the previous case. This is reasonable when 
considering that the EM does not need to accommodate for the ICE being in the 
best possible operating conditions.  
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Figure 5-20. EM operating points. 
Finally, the total fuel consumption is given by a unique ICE start process and 
the only point in which the thermal path is used to fulfill the torque request at the 
wheels. 
5.6 Summary 
In this chapter, DP is used to find the global optimal solution to the energy 
management of the PHEV described in section 2.2. The general problem 
formulation is given. Each state and control variable are defined and the reasons 
behind their introduction are explored. Moreover, the constrains imposed together 
with the characteristic of the state and control grids are also reported. In addition, 
the way in which the modeling of the gearshift and ICE start losses (see sections 
2.2.4 and 2.2.5) are integrated into the DP formulation is described. 
The WLTC class 3, version 3.2, is considered for the simulations performed. 
This cycle was designed to represent average driving characteristics from all around 
the globe. Hence, it is composed of different speed phases [130]: low, medium, high 
and extra-high. The presence of these driving portions make the cycle more 
representative of real driving conditions than the NEDC [132], which is one of the 
main motivations behind the decision of, starting on September 2017, gradually 
replacing the latter lab test by the WLTP [133]. 
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The simulation results obtained with the described DP formulation are 
presented for two different cases: 
• Charge-sustaining operation. 
• Charge-depleting operation. 
In the charge-sustaining results, the optimal solution shows that keeping the 
SOC within a narrow range around the required final value is the best way to 
proceed. Another interesting observation to be made is that torque assist with the 
EM is used just in a few occasions. The vehicle operates mostly in ICE-only mode 
or EV-mode. Thus, parallel hybrid mode is mainly seen in the form of the ICE being 
used to recharge the battery. In general, the power request to the EM is lower than 
20 kW while higher power requests are handled by the ICE. Regarding the ICE 
operating points, it can be appreciated that they are concentrated in the ICE map 
region that corresponds to the lowest fuel consumption and that their mean 
efficiency is kept high during vehicle operation. This last remark can be justified 
considering that the cost to be minimized depends directly on the used made of the 
ICE.  
Since the vehicle of interest corresponds to a PHEV, the dimensions and 
capabilities of the electrical path components enable the possibility of regenerating 
all the energy needed to decelerate the vehicle and to provide the necessary tractive 
energy to follow the driving schedule. This is clearly shown by the charge-depleting 
results that are used in section 6.1.4 to extract a set of rules for the gear selection in 
EV-mode.  
In the simulation results presented in section 5.5.2.2, the effects of integrating 
into the DP formulation the loss models developed for gearshift and ICE start events 
are studied in terms of the overall fuel consumption, the number of gearshifts and 
the quantity of ICE start events. Accounting through physical considerations for 
these sources of dissipation enables the DP algorithm to decide when it is more 
convenient, in terms of minimizing the fuel consumption, to perform these transient 
events. This capability differentiates the developed DP formulation from those 
presented in previous studies. In particular, the author is not aware of any other DP 
code that includes a similar modeling approach to account for the energy 
consumption of gearshifts in DCTs.  
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The analysis made shows that considering both sources of energy dissipation, 
the fuel consumption increases with respect to the case in which they are neglected. 
Furthermore, it is seen that the effect of the ICE start losses on fuel consumption is 
higher than that of the gearshift losses.  
On the other hand, the number of gearshifts increases significantly when the 
losses associated with them are neglected. In addition, another important conclusion 
that can be drawn is that neglecting the ICE start losses could lead to an unrealistic 
use of the ICE inertia to overcome gearshift losses. It is noted that when all losses 
are considered, there is no gear hunting behavior in the results.  
Regarding the ICE state, the optimal solution shows a more intermittent use of 
this component when the outputs from the loss models are not employed.  
In the next chapter, the DP formulation described here is used to generate 
benchmark solutions for real-time implementable EMSs. 
  
 
Chapter 6 
6. Real-time Energy Management 
Strategies for Hybrid Electric 
Vehicle Powertrains Equipped 
with Dual-Clutch Transmissions 
6.1 A-ECMS with rule-based gear selection 
As discussed in chapter 4, PMP and DP are model-based techniques able to provide 
the optimal solution to the energy management problem in HEVs. However, the 
requirement of knowing the future driving conditions beforehand generates the 
need of searching for other EMSs that are real-time implementable. 
The various implementations of A-ECMS available in literature have shown 
that this causal strategy, despite being suboptimal, can generate results close to the 
optimal solution [60], [73]. 
On the other hand, the results obtained with DP can be analyzed to extract rules 
that would allow to generate a control trajectory similar to that of the global optimal 
solution in real-time. This approach has been successfully applied in literature for 
the energy management of HEVs [31], [55]–[57]. 
Based in these previous studies, a real-time EMS is designed in this chapter that 
combines the aforementioned techniques: 
6.1 A-ECMS with rule-based gear selection 6-211 
 
• DP results are used to derive a set of rules aiming at reproducing the 
optimal gearshift schedule in EV-mode. 
• A-ECMS is used to decide the powertrain operating mode (through the 
selection of the TSF) and the current gear if power from the ICE is 
needed. 
In the following paragraphs, a detailed description of the algorithm is given, 
including insights on the rule extraction and strategy calibration processes. Then, 
the DP formulation presented in chapter 5, is used to benchmark the results of the 
developed EMS and those of the A-ECMS. Note that, besides realizing how close 
the results are from those of the optimal solution, this also allows to compare the 
performance of the designed algorithm with that of a well-known real-time 
implementable EMS.   
6.1.1 Algorithm overview 
After performing several simulations using DP, it was observed that the gearshift 
schedule obtained when increasing the value of the final SOC target, thus forcing a 
more charge-sustaining operation, could be interpreted as the one obtained when 
the vehicle operates in EV-mode with some deviations. The mentioned deviations, 
corresponded, most of the times, to gearshifts performed when the intervention of 
the ICE was required. This can be clearly seen in Figure 6-1, where the gear number 
state trajectory in EV-mode, obtained without imposing a constrain for the final 
SOC value (see section 5.5.3), and that resulting from a simulation in which the 
final SOC is required to be 75 % are compared. The driving cycle considered is the 
WLTC class 3, version 3.2. 
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Figure 6-1. Gearshift schedule variation with final SOC target. 
As a consequence of the previous observations, the issue of determining how 
the optimal solution is choosing the ICE operating points presents itself. Hence, a 
set of simulations are undertaken in which the final SOC constrain is continuously 
increased.  
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a) 𝑆𝑂𝐶𝑁 =  65 % 
 
b) 𝑆𝑂𝐶𝑁 =  75 % 
 
c) 𝑆𝑂𝐶𝑁 =  85 % 
Figure 6-2. ICE operating points variation with final SOC target. 
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The optimal solution seems to indicate that the most efficient operating points 
for the ICE are selected first and the other areas of the map with lower efficiencies 
are covered gradually as the use of the ICE to satisfy the final SOC constrain 
becomes more frequent. Note that area populated in the map corresponds to that 
associated with lower fuel consumption values (see section 5.5.2).  
Hence, the idea behind the proposed approach is that if it can be understood 
how the optimal solution selects the gear in EV-mode, when the ICE is needed, gear 
selection is simply a matter of minimizing the equivalent fuel consumption as 
defined in the context of the ECMS (see section 4.6). Note that reducing the overall 
fuel consumption is the main objective of the designed EMS.  
The developed algorithm is composed of the following phases: 
• Phase I: Gear selection in EV-mode. 
• Phase II: Equivalence factor calculation. 
• Phase III: TSF selection. 
o Phase III-1: TSF selection – EV-mode gear. 
o Phase III-2: TSF – ICE on. 
▪ Phase III-2.1: TSF selection – ICE on – ICE start. 
▪ Phase III-2.2: TSF selection – ICE on. 
• Phase IV: Define inputs for the next time step. 
Each of these phases is described in section 6.1.2, where the main assumptions 
made and the conditions that determine the transition among different phases are 
reported.   
In Figure 6-3, a flow chart of the developed algorithm is presented.  
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Figure 6-3. A-ECMS with rule-based gear selection flow chart. 
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𝑄𝐷𝑥,𝑘−1 is the quick-disconnect clutch state at the previous time step.  
𝑇𝑆𝐹𝑘 is the TSF.  
𝑇𝐼𝐶𝐸,𝑘 is the ICE torque request. 
𝐼𝐶𝐸𝑥,𝑘−1 is the ICE state at the previous time step.  
When any of the conditions checked during the execution of the algorithm is 
not verified, excepting the one related to the ICE state, the vehicle will work in EV-
mode. The process shown in Figure 6-3 is repeated at every time step.  
A summary of the main algorithm inputs and outputs is presented below. 
Main inputs: 
• Vehicle parameters.  
• Driving cycle information. 
o Vehicle longitudinal speed. 
o Vehicle longitudinal acceleration. 
o Mean speed of the driving cycle.  
o Total distance to be traveled. 
o Time length of the driving mission. 
• System states. 
o SOC. 
o Gear number. 
o Quick-disconnect clutch state. 
o ICE state. 
o EM torque counter state. 
• SOC constrains. 
o Initial SOC. 
o Final SOC.  
o Maximum SOC. 
o Minimum SOC.  
• A-ECMS parameters.  
o Distance traveled.  
o Initial value of the equivalence factor (see section 6.1.5). 
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o Sampling distance for equivalence factor adaptation (see section 
6.1.5).  
o Proportional gain for equivalence factor adaptation (see section 
6.1.5).  
• EV-mode gearshift rules parameters (see section 6.1.4). 
• Parameters for the introduced penalties (see section 6.1.3.2). 
Note that all the inputs to the algorithm regard data coming from either the 
previous and current time step, thus making the proposed EMS causal. The only a-
priori information needed related to the driving cycle characteristics are the 
estimated mean speed, distance to be traveled and duration of the driving mission.   
Main outputs:  
• Controls. 
o TSF. 
o Gear command.  
o Quick-disconnect clutch command. 
These outputs are computed in certain algorithm phase that is chosen according 
to the transition conditions illustrated in Figure 6-3 (see section 6.1.2). 
In order for the results obtained to be comparable with those of the DP 
formulation described in chapter 5, the real-time EMS developed here relies on the 
same powertrain model used to obtain the optimal solution (see section 2.2). Hence, 
the energy consumption during gearshifts and ICE start events are accounted for 
together with the same fuel penalties introduced in section 5.3. Moreover, this also 
implies that the same state and control variables are used (see section 5.1).  
It is worth noting that the mentioned vehicle model is not only used to assess 
the effects of the control decisions made by the EMS on the system states but also 
for their generation. As explained in section 4.6, instantaneous minimization 
methods, as the one presented in this chapter, usually rely on a suitable model of 
the system to test several solution candidates and select the one yielding the lower 
cost.      
Finally, an important aspect to address is the fact that, differently from the work 
presented in the previous chapter, the fuel cut-off functionality is not considered 
here for practical implementation reasons. This means that if the quick-disconnect 
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clutch is engaged, the ICE is either being used to supply for the power request at 
the wheels (or part of it) or to recharge the battery.  
The equations in this chapter are presented in a discretized form as they are 
solved by the EMS. As for the vehicle model, the time step considered is 1 s.  
6.1.2 Algorithm phases  
In this section, the main objectives and assumptions made in each of the algorithm 
phases are described. Moreover, the conditions that determine the transition among 
them are also reported. 
6.1.2.1 Phase I: Gear selection in EV-mode 
As discussed at the beginning of this chapter, DP results are used to derive a set of 
rules aiming at reproducing the optimal gearshift schedule in EV-mode. In this 
phase, based on the algorithm inputs and the vehicle model, the mentioned set of 
rules is employed to select the current gear. The rule-based gear selection process 
is discussed in detail in section 6.1.4.   
The general assumptions made when using the vehicle model to assess the 
effects of the controls selected can be summarized as: 
• EV-mode is assumed (𝑇𝑆𝐹𝑘 = 1). 
• The quick-disconnect clutch is considered open (𝑄𝐷𝑥,𝑘 = 0). 
On the other hand, the main outputs of the current phase are: 
• TSF (𝑇𝑆𝐹𝑘 = 1). 
• Gear command.  
• Quick-disconnect clutch command (𝑄𝐷𝑢,𝑘 = 0). 
6.1.2.2 Phase II: Equivalence factor calculation 
In this phase, the A-ECMS equivalence factor is updated according to Eq. (4-59). 
Hence, an adaptation based on feedback from SOC is performed each time a certain 
distance is traveled by the vehicle. The reader is referred to section 6.1.3 for more 
details.  
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6.1.2.3 Phase III: TSF selection  
As discussed in section 4.6, in the context of the ECMS, the TSF is selected 
searching for the one that minimizes the instantaneous equivalent fuel consumption. 
In this phase, the TSF selection is divided in two consecutive steps: 
1. Based on the gear chosen in the previous phase, it is verified that the 
current value of the equivalence factor suggests operation in EV-mode. 
2. If the computations made in step 1 indicate that it is convenient to use 
the ICE, the A-ECMS is employed to select the best values for the gear 
number and the TSF. 
These calculations are undertaken in the sub-phases discussed in the following 
paragraphs. The A-ECMS formulation employed is described in section 6.1.3. 
Note that the possibility of using the ICE is considered only when a gearshift is 
not suggested in the previous phase or when the quick-disconnect clutch was 
engaged/closed in the preceding time step. This is because, as explained in section 
2.2.5, a gearshift and an ICE start event cannot occur in the same time step. If these 
computations are skipped, the outputs from phase I are considered.  
Phase III-1: TSF selection - EV-mode gear 
The TSF that minimizes the equivalent fuel consumption is identified based in the 
following considerations using the embedded vehicle model: 
• The gear selected in phase I is considered.  
• For 𝑇𝑆𝐹𝑘 ≠ 1 it is assumed that the ICE is ready to be used when 
computing the equivalent fuel consumption, i.e., it is considered that 
𝑄𝐷𝑥,𝑘 = 1. 
If the TSF that minimizes the equivalent fuel consumption corresponds to 
operating in EV-mode, the outputs from phase I are considered. Instead, if the TSF 
indicates that the ICE should be employed, phase III-2 is undertaken.  
Phase III-2: TSF selection – ICE on 
If the TSF selected in the previous calculation step indicates that the ICE should be 
used, one of two possible sub-phases are undertaken according to the ICE state at 
the previous time instant: 
• Phase III-2.1: TSF – ICE on – ICE start. 
• Phase III-2.2: TSF – ICE on. 
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Phase III-2.1: TSF selection – ICE on – ICE start 
This phase is active if the ICE was off in the previous step (𝐼𝐶𝐸𝑥,𝑘−1 = 0), 
meaning that in order to use this component, an ICE start process needs to be 
undertaken. This implies that when computing the system states resulting from the 
control decisions made here, the ICE start loss model discussed in section 2.2.5 is 
used.  
The main outputs of the current phase are: 
• TSF (𝑇𝑆𝐹𝑘 = 0). 
• Gear command (𝑔𝑛𝑢,𝑘 = 𝑔𝑛𝑥,𝑘−1).  
• Quick-disconnect clutch command (𝑄𝐷𝑢,𝑘 = 1). 
Note that if the ICE start process is not feasible, which is determine based on 
the considerations reported in section 5.4, the outputs of phase I are considered.  
Phase III-2.2: Torque split selection – ICE on 
Phase III-2.2 is active when the ICE was already on in the previous time step 
(𝐼𝐶𝐸𝑥,𝑘−1 = 1).  
Based on the observations made from the DP results presented in section 6.1.1, 
since the ICE is employed in this phase, i.e., fuel is consumed, both the TSF and 
the gear number are selected to minimize the equivalent fuel consumption. 
Therefore, the control signals generated are:  
• TSF. 
• Gear command. 
• Quick-disconnect clutch command (𝑄𝐷𝑢,𝑘 = 1). 
6.1.2.4 Phase IV: Define inputs for the next time step 
Phase IV serves to define the inputs for the next iteration of the algorithm. In 
particular, the equivalence factor and the system states are updated. 
Since the algorithm has been implemented in a simulation environment, the 
control outputs of the EMS, generated in the computation phase determined by the 
transition conditions described in the preceding paragraphs, are applied to the 
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vehicle model to obtain the resulting system states that will be used in the next 
iteration.  
6.1.3 A-ECMS formulation  
In section 4.6, it is explained that even though ECMS was first introduced in [47] 
as a heuristic method derived from engineering intuition, it was later shown that 
under certain conditions it is equivalent to PMP [58].  The fundamental implication 
of this fact is that a real-time implementable strategy like ECMS can also be 
formally optimal [71].  
In section 4.6.2, the equivalence between PMP and ECMS is illustrated by 
expressing the equivalence factor as a function of the co-state variable (see Eq. 
(4-47)) for the simple mathematical model of a generic parallel HEV presented in 
section 4.5.4. However, since the PHEV model described in section 2.2 introduces 
discrete variables, e.g., the quick-disconnect clutch and gear states/commands, into 
the optimal control problem formulation, making it a Hybrid Dynamic System 
(HDS) [134], proving the mentioned equivalence is not as straightforward. 
Demonstrating this is out of the scope of the dissertation, the interested reader is 
referred to [135], [136] for more information about the application of optimal 
control techniques to HDSs.  
In this section, the ECMS formulation employed is described paying particular 
attention to the penalties introduced and the adaptation approach used to update 
online the value of the equivalence factor.  
6.1.3.1 Instantaneous minimization 
The idea at the core of the ECMS is that an equivalent fuel consumption can be 
associated with the use of electrical energy [116]. As explained in section 4.6, using 
an appropriate model of the system, the ECMS algorithm estimates the fuel and 
electrical energy consumption resulting for each of the possible control candidates 
and makes a decision aiming at locally minimizing an equivalent fuel consumption. 
For the development of the EMS presented here, the mentioned instantaneous 
equivalent fuel consumption rate is computed as [43], [60]:  
 ?̇? ,𝑒𝑞,𝑘 = ?̇? ,𝑘 + 𝑠𝑘 𝑆𝑂𝐶𝑘̇  (6-1) 
where, 
𝑚 ,𝑒𝑞,𝑘 is the equivalent fuel consumption.  
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𝑚 ,𝑘 is the actual fuel consumption.  
𝑠𝑘 is the equivalence factor. 
𝑆𝑂𝐶𝑘 is the SOC.  
Note that in this formulation, the equivalence factor has the same meaning than 
in Eq. (4-46), i.e., it allows converting electrical power into an equivalent amount 
of fuel mass flow. Note that its units are grams.  
In Eq. (6-1), if the equivalence factor is positive, the instantaneous 
minimization approach that characterizes the ECMS points towards selecting the 
TSF that maximizes the power request at the battery terminals, as it is clear from 
the battery model described in section 2.2.3.4. Quite obviously, this is not the 
solution that can satisfy the constrain on the final SOC target, implying that the 
equivalence factor shall have a negative value [43]. For convenience, the 
equivalence factor is reported in the rest of this chapter as a positive quantity, which 
is more intuitive, since it implies that this variable acts as a weighting factor in the 
cost function to be minimized at each iteration, i.e., the higher its value, the higher 
the cost of electrical energy in terms of fuel. Hence, to accommodate for this, Eq. 
(6-1) is re-written as: 
 ?̇? ,𝑒𝑞,𝑘 = ?̇? ,𝑘 − 𝑠𝑘 𝑆𝑂𝐶𝑘̇  (6-2) 
Note that depending on the sign of the power request to the battery, the 
equivalent fuel consumption can be either higher or lower than the actual fuel usage. 
6.1.3.2 Penalties introduced  
The penalties that could be assigned to solution candidates when undertaking the 
minimization of the equivalent fuel consumption in Eq. (6-2) are divided here in 
four different categories and described.  
Penalties to discard infeasible working conditions 
The solution candidates that lead the system to infeasible working conditions are 
discarded by assigning a high enough cost to them, i.e., the equivalent fuel 
consumption is increased by a large quantity. 
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Since the PHEV analyzed here corresponds to that studied when developing the 
DP formulation presented in chapter 5, the same infeasible working conditions 
described in section 5.4 are considered.  
In addition, solution candidates that yield to a SOC value which is not between 
its allowable range are also penalized. Hence, the infeasible conditions can be 
expressed as:  
 𝑆𝑂𝐶𝑘 > 𝑆𝑂𝐶𝑚𝑎𝑥 (6-3) 
 𝑆𝑂𝐶𝑘 < 𝑆𝑂𝐶𝑚𝑖  (6-4) 
where, 
𝑆𝑂𝐶𝑚𝑎𝑥 is the maximum SOC allowed. 
𝑆𝑂𝐶𝑚𝑖  is the minimum SOC allowed.  
Penalties to introduce restrictions on the ICE state  
Given that in phase III of the algorithm, the TSF is selected assuming that the ICE 
is ready to be used, i.e., the ICE start losses are not considered, a series of fuel 
penalties are introduced to avoid frequent changes in the ICE state. 
The first of the mentioned fuel penalties (1 g) is applied when: 
• ICE is turned on before being off at least 4 s. 
• ICE is turned off before being on at least 3 s. 
Moreover, when there is a change in the ICE state, a certain reduction in terms 
of instantaneous equivalent fuel consumption is required. A value of 0.35 g is 
requested to turn on the ICE. Instead, 0.2 g are considered when turning it off.  
Penalties to introduce restrictions on the gear number state  
Due to the instantaneous minimization approach for gear selection used in phase 
III-2, it was seen during the calibration phase of the developed EMS, that it is 
convenient to introduce a fuel penalty (1 g) aiming at inducing gearshift hysteresis.  
Hence, the equivalent fuel consumption is increased if an upshift is performed 
before a certain time has passed since the last downshift or vice versa. The time 
frame considered is 4 s.  
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Penalties to induce the TSF selection 
A penalty is introduced to discourage the use of the fuel energy to recharge the 
battery cells. This was seen to be opportune when calibrating the strategy.  
Therefore, the equivalent fuel consumption rate is increased by 0.2 g/s when 
the TSF is negative.  
6.1.3.3 Equivalence factor adaptation   
As explained in section 4.6, the optimal equivalence factor is a function of both the 
HEV powertrain and driving cycle features. Since a real-time implementable 
strategy cannot retain the future driving conditions as known, an adaptation scheme 
for the equivalence factor is necessary to adjust the value of this parameter as 
driving conditions change.  
For the EMS developed here, the discrete adaptation scheme based on feedback 
from SOC discussed in section 4.6.3.1 is employed. As it is mentioned there, for a 
charge-depleting operation, typical of PHEVs, the optimal SOC trajectory is 
approximately a quasi-linear decreasing function of the traveled distance, which is 
referred to as a blended strategy [124]. This can be clearly appreciated in Figure 
6-4 where the optimal SOC trajectory obtained with DP for a charge-depleting run 
of the WLTC is presented in the distance domain.   
 
Figure 6-4. SOC (distance domain). 
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However, when the final SOC target is set higher with respect to that 
encountered when solving for the global optimal solution in terms of fuel 
consumption, i.e., when the DP algorithm is free to exploit all the energy available 
in the battery cells, it is seen for some driving cycles that a linear SOC reference 
defined in the time domain is more representative of the optimal solution. This can 
be appreciated in Figure 6-5 where the results obtained with DP while requiring to 
complete the WLTC with a final SOC of 75 % are presented in both the time and 
distance domains.  
  
a) Time domain b) Distance domain 
Figure 6-5. SOC reference: time domain vs. distance domain. 
Based on the previous considerations, the SOC reference used for the 
equivalent factor adaptation in Eq. (4-59) is computed as:  
 𝑆𝑂𝐶𝑟𝑒 ,𝑘 = 𝑆𝑂𝐶0 +
𝑆𝑂𝐶𝑟𝑒 ,𝑁 − 𝑆𝑂𝐶0
𝑁 Τ𝑠
𝑘Τ𝑠 (6-5) 
where, 
Τ𝑠 is the sampling time (1 s). 
𝑁 is the final discrete step. 
𝑘 is the current discrete step.  
𝑆𝑂𝐶0 is the initial SOC.  
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𝑆𝑂𝐶𝑟𝑒 ,𝑁 is the final SOC target.  
It is quite obvious at this point, that selecting the most appropriate value of 
equivalence factor is fundamental to the effectiveness of the strategy. This aspect 
is treated in section 4.6.2. 
As for the DP formulation developed in chapter 5, the road grade variations are 
not considered. 
6.1.4 Rule-based gear selection in EV-mode  
As discussed in previous sections, to integrate a set of rules for gear selection with 
the A-ECMS approach, the first step is to be able to reproduce the optimal gear 
schedule in EV-mode obtained with DP. In the following, the rule extraction 
process undertaken is described and the results obtained by applying the derived set 
of rules are discussed.  
6.1.4.1 Rule extraction process  
In this section, the rule extraction process is illustrated by reviewing the main 
observations made from the DP results.  
In Figure 6-6, the optimal gearshift schedule in EV-mode obtained for the 
charge-depleting run analyzed in chapter 5 is presented identifying the gearshift 
points in which the EM operates more efficiently after switching gears. As it can be 
appreciated, a local improvement in the EM efficiency is not always the reason 
behind the decision of changing gears. Hence, a more detailed study of the optimal 
solution needs to be undertaken.    
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Figure 6-6. Gear number. 
Rule extraction process overview  
In order to derive rule-based EMSs for HEVs from DP, simulations results 
representative of several different driving conditions can be studied to identify 
certain behaviors in the optimal solution that can be tuned into rules. 
Since, as described in section 5.5.1, the WLTC is constituted by driving 
portions with very different characteristics, it will be considered here for the rule 
extraction process. The idea behind this choice, is that rules designed from the 
analysis of the optimal EMS for a cycle that is representative of various driving 
conditions should also provide, after some tuning, adequate results when applied to 
other driving schedules.   
Hence, the DP results obtained for the charge-depleting case in section 5.5.3, 
are studied since the vehicle can follow the requested velocity profile almost 
entirely in EV-mode. Such analysis is focused on the points in which gearshifts are 
performed. The objective is to understand how the DP algorithm is choosing 
whether to do a downshift or an upshift and the gear number itself. 
The Rule extraction process followed for the design of the mentioned set of 
rules could be summarize in the following steps: 
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1. DP is used to find the optimal solution for driving cycles that can be completed 
in EV-mode. 
Based on those results:  
2. Speed ranges are identified for each new gear after a gearshift event. 
3. Rules for single gearshifts are extracted. 
3.1. General rules are extracted from the EM power and vehicle speed plane. 
3.2. Detailed rules are extracted considering: vehicle speed and acceleration, 
EM power, EM power rate and the energy consumption with respect to the 
no gearshift case. 
4. Rules for multiple upshifts are extracted based on the EM power request and 
vehicle acceleration.  
5. Rules for gearshifts prior to significant braking events are extracted 
considering: vehicle speed and acceleration, EM power, EM power rate and the 
energy consumption with respect to the no gearshift case.   
The main observations made from the DP results are reviewed below.  
Speed range analysis  
The speed profile of the driving cycle of interest is studied looking for general 
trends in the optimal solution relating the gear number selection to the vehicle 
longitudinal speed.  
Figure 6-7 presents the vehicle speed and the gear engaged after each gearshift 
maneuver.  
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Figure 6-7. Vehicle speed and gear selection. 
In Table 6-1, the speed ranges identified regarding the engaged gear after a 
gearshift are presented. Note that these ranges are not strictly respected for all 
gearshift events but rather represent a general trend observed in the simulation 
results.   
Table 6-1. Speed range for gear selection. 
New gear number Speed range [m/s] 
2 < 6 
3 4 to 17 
4 6 to 20 
5 and 6 > 6 
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Single gearshifts analysis   
The following figures show the downshifts and upshifts performed in the EM power 
and vehicle speed plane. 
From the data presented in Figure 6-8, the following observations can be made 
about the downshift maneuvers: 
• Most gearshifts are performed for EM power requests lower than 7 kW. 
• No gearshifts are performed for EM power requests lower than 450 W. 
• No downshifts to 1st gear are performed.  
• Downshifts to 4th and 5th gear are mostly undertaken for speeds higher than 
15 m/s.  
• Downshifts to 3rd gear are mostly undertaken for speeds between 5 and 15 
m/s.  
• For speeds lower than 5 m/s, only downshifts to 2nd and 3rd gear are 
performed.  
 
Figure 6-8. EM power and vehicle speed plane: downshifts (zoom). 
Instead, for the upshift maneuvers (see Figure 6-9): 
• Most gearshifts are performed for EM power requests lower than 20 kW. 
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• No gearshifts are performed for EM power requests lower than 250 W. 
• For speeds higher than 17 m/s, most gearshifts correspond to upshifts 
towards 5th and 6th gear.  
• Upshifts to 3rd and 2nd gear are only performed for speeds lower than 9 m/s.  
 
Figure 6-9. EM power and vehicle speed plane: upshifts. 
After this first set of observations, the optimal gearshift schedule was studied 
in detail. To illustrate this process, the characteristics of the gearshift points found 
in a section of the driving cycle will be discussed (see Figure 6-10).  
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Figure 6-10. Gear number (zoom). 
The characteristics of the gearshift points seen in Figure 6-10 are reported in 
Table 6-2.  
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Table 6-2. Gearshift points data. 
Time 
[s] 
Offgoing 
gear [-] 
Oncoming 
gear [-] 
Speed 
[m/s] 
EM 
power 
[kW] 
EM 
power 
loss 
[W] 
Filtered 
acceleration 
[m/s2] 
Filtered 
EM 
power 
rate 
[kW/s] 
291 3 4 14.22 7.692 555 0.37 -9.817 
292 4 5 14.23 2.922 67 0.09 -4.182 
294 5 6 13.82 1.737 -39 -0.20 -0.539 
337 3 2 4.00 1.234 237 -0.15 0.667 
357 6 5 7.81 1.067 106 -0.09 -0.044 
358 5 4 7.71 0.574 190 -0.10 -0.314 
The filtered acceleration and EM power rate presented in Table 6-2 are defined, 
respectively, as the derivative of the vehicle longitudinal speed and EM power 
computed every two time steps, i.e.: 
 
𝑎 𝑖𝑙,𝑘 =
𝑣𝑘 − 𝑣𝑘−2
2 Τ𝑠
 
 
(6-6) 
 𝑃𝐸𝑀, 𝑖𝑙,𝑘 =
𝑃𝐸𝑀,𝑘 − 𝑃𝐸𝑀,𝑘−2
2 Τ𝑠
 (6-7) 
Moreover, the EM power loss is computed as the difference between the actual 
EM power request (considering the gearshift losses) and the power consumption of 
the no gearshift case. Hence, negatives values of this quantity imply energy savings 
as a consequence of going through with the gearshift process.    
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In Figure 6-11 and Figure 6-12, the speed and EM power profiles for the section 
of the driving cycle under analysis are presented.  
 
Figure 6-11. Vehicle mean speed (zoom). 
 
Figure 6-12. EM power (zoom). 
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As it can be seen in the previous two figures, at 291 and 292 s, two consecutives 
upshifts are made in which the vehicle speed is increasing and the EM power 
request is decreasing. 
Another observation that can be made concerns the 5th to 6th upshift seen at 294 
s. Similar gear changes are seen through the cycle when the EM power consumption 
is lower than that of the no gearshift case. This pattern presents itself for vehicle 
speeds lower than 20 m/s. Note that this maneuver allows to perform a 6th to 3rd 
downshift before the braking event that occurs at 323 s which helps to regenerate 
energy more efficiently. 
At 337s, where the speed is low and the EM power request is increasing, a 
downshift to 2nd gear is undertaken. 
In addition, when analyzing the downshifts at 357 and 358 s, it is noticed that 
in both cases the vehicle speed decreases and the EM power request also reduces.  
The previous observations can be summarized as: 
• If the vehicle speed is increasing and the EM power request decreases, 
upshifts are performed. 
• 5th to 6th upshifts are performed for speeds lower than 20 m/s and negative 
EM power loss. 
• At speeds lower than 5 m/s with increasing power request, downshifts to 2nd 
gear are performed. 
• If the vehicle speed decreases and the EM power request also diminishes, a 
downshift is undertaken. 
Another particular trend observed is that once it is decided whether to do an 
upshift or a downshift, the gear chosen corresponds to the one involving the lowest 
power consumption. This can be appreciated in Figure 6-13 and Figure 6-14 where 
the EM power request for all possible gears is presented.  
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Figure 6-13. EM power request for all gears: 291 and 292 s. 
For 357 (6th to 5th) and 358 (5th to 4th) s: 
 
Figure 6-14. EM power request for all gears: 357 and 358 s. 
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By looking at the same variables studied here, other portions of the cycle were 
also analyzed to define a complete set of rules for single gearshifts.  
Multiple upshifts analysis  
By studying the optimal gear schedule, it is observed that, when the vehicle speed 
increases, multiple upshifts are performed if the EM power request is very close 
(within 300 W) to that of the single gearshift. An example of this is the 3rd to 6th 
upshift made at 732 s for which the power consumption is reported in Figure 6-15.  
 
Figure 6-15. EM power request for all gears: 732 s. 
Braking events analysis  
The analysis of all the gearshift maneuvers performed revealed that only a small 
amount of them involved and EM power loss higher than 20 % with respect to the 
power consumption of the no gearshift case. If the points in which such power is 
lower than 350 W are excluded, almost all the remaining gearshifts correspond to 
downshifts that occurred right before a braking event. 
Note that choosing the appropriate gear when decelerating the vehicle is crucial 
since it allows to maximize the energy regenerated with the EM that otherwise will 
be dissipated by the mechanical brakes. Further note that, because of the 
characteristics of the gearshift loss model discussed in section 2.2.4, while 
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switching gears, it is not possible to recharge the battery using the vehicle kinetic 
energy, i.e., it is convenient to engage the most suitable gear before the braking 
event starts. 
An example of the mentioned downshifts is seen in Figure 6-16. In the figure, 
a 6th to 3rd gearshift that happens right before an important deceleration event (EM 
power around -25 kW) is presented. 
 
Figure 6-16. Gearshifts before braking events: 752 s. 
After reviewing each of the gearshifts undertaken before braking events, the 
following trends were observed in the optimal solution:   
• In 6th to 3rd gearshifts: 
o EM power rate is lower than -1 kW/s. 
o EM power loss is lower than 1.1 kW.  
• In 5th to 4th gearshifts: 
o Vehicle speed is higher than 17 m/s. 
o EM power loss is lower than 600 W. 
• In 4th to 3rd gearshifts: 
o Vehicle speed is higher than 14 m/s. 
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o EM power rate is lower than -1.3 kW/s. 
o EM power loss is lower than 1.1 kW. 
6.1.4.2 Rule extraction results  
From the observations made in section 6.1.4.1, a set of rules for the gear selection 
in EV-mode was designed. The rules were then tuned by running simulations for 
several driving cycles with different characteristics. This allowed to choose the 
most suitable values for the speed and power related thresholds used. For each 
current gear, a different set of rules is designed.  
Figure 6-17 shows the gearshift schedule obtained after implementing the EV-
mode gearshift rules. It can be seen that, generally speaking, the optimal gear 
number state trajectory is reproduced. However, there are also several instances in 
which different decisions are taken.  
 
Figure 6-17. EV-mode: gearshift schedule.  
In Figure 6-18, it can be seen that, since the rules do not rely on the knowledge 
of the future driving conditions, when certain speed and power trends are present 
in the driving cycle, the rule-based approach tends to anticipate the decisions made 
with DP.   
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Figure 6-18. EV-mode: gearshift schedule (zoom). 
This can also be seen in the last portion of the cycle for higher speeds:  
 
 
Figure 6-19. EV-mode: gearshift schedule (2nd zoom). 
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Even though several different gearshift decisions are seen when comparing the 
gearshift schedule obtained with the DP solution, the SOC profile is well 
reproduced as illustrated in Figure 6-20. 
 
Figure 6-20. EV-mode: SOC.  
The similar SOC profile (final SOC difference is lower than 0.5 %) is obtained 
due to the ability of the rule-based approach to recognize relevant speed and power 
trends in the driving cycle. In particular, it is worth underlining that the gear number 
selected before important braking events (EM power request lower than -20 kW) is 
similar in most cases. For example, Figure 6-21 shows that at 752 (6th to 3rd), 792 
(5th to 4th) and 807 s (4th to 3rd) the same gearshifts are performed by both EMSs. 
The mechanical power request at the EM shaft of -38.17 kW (795 s), corresponds 
to the second lowest value seen for the WLTC.  
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Figure 6-21. Gearshifts before braking events: 752, 792 and 807 s. 
In addition, before the most important braking event of the driving schedule 
studied (mechanical power request at EM shaft equal to -43.77 kW), the 4th gear is 
selected by the rule-based approach. Instead, the 3rd gear is chosen in the DP results 
(see Figure 6-22). Note that since the 5th gear is engaged according to the rules 
extracted at 1120 s, when the established conditions for performing a downshift 
before decelerating the vehicle are verified, the 3rd gear is not an option (see section 
5.4), therefore, the second most convenient gear (4th) is selected instead.  
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Figure 6-22. Gearshifts before braking events: 1125 s. 
The latter two figures allow to appreciate the effectiveness of the rules designed 
to handle the gear selection before braking events.  
6.1.5 Calibration of SOC tracking parameters  
The main advantages of A-ECMS approaches are in their robustness and low 
computational burden when compared to other control techniques. However, its full 
potential can only be realized if the parameters of the adaptation law are properly 
tuned. 
As stated before, the discrete adaptation scheme based on feedback from SOC 
discussed in section 4.6.3.1 is employed for the implementation of A-ECMS. 
Analyzing the adaptation law described in Eq. (4-59) shows that the main SOC 
tracking parameters are the sampling distance and the proportional gain. 
In the following paragraphs, the effect of these parameters on the EMS 
performance is studied. Simulation results for cycles with very different 
characteristics are analyzed in order to tune the SOC tracking parameters. Such 
tuning is done aiming at achieving results close to the global optimal solution for 
most driving conditions.      
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On the other hand, in order to properly initialize the equivalence factor, a pre-
computed offline map could be used in which the optimal values are stored for 
several different cycles based on the total traveled distance and the average speed. 
This approach has been adopted in previous studies [60] and finds its justification 
in the observations made about the co-state behavior in section 4.6.2.3. 
6.1.5.1 Driving cycles 
The WLTC, described in section 5.5.1, is seen to be composed of four speed phases 
with different characteristics: low (< 60 km/h), medium (< 80 km/h), high (< 110 
km/h) and extra-high (> 110 km/h). This comes as a consequence of the cycle being 
designed to represent average driving conditions from all around the globe [130].  
Two more cycles are studied in the following: US06 and FUDS.  
The US06 driving cycle is representative of aggressive highway driving 
conditions in the USA [94]. The cycle is characterized by portions with rapid speed 
fluctuations and high acceleration [34]. The main driving cycle parameters are 
reported in Table 6-3. 
Table 6-3. Driving cycle characteristics: US06. 
Parameter Value 
Duration  596 s  
Distance 12.8 km 
Average speed 77.9 km/h 
Maximum speed 129.2 km/h 
In Figure 6-23 and Figure 6-24, the speed and acceleration profiles of the US06 
cycle are presented. 
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Figure 6-23. Speed profile: US06.  
 
Figure 6-24. Acceleration profile: US06. 
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On the other hand, the FUDS is representative of an urban route with frequent 
stops [34]. The main driving cycle parameters are reported in Table 6-4. 
Table 6-4. Driving cycle characteristics: FUDS. 
Parameter Value 
Duration  1372 s  
Distance 12.07 km 
Average speed 31.5 km/h 
Maximum speed 91.2 km/h 
In Figure 6-25 and Figure 6-26, the speed and acceleration profiles of the FUDS 
cycle are presented. 
 
Figure 6-25. Speed profile: FUDS.  
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Figure 6-26. Acceleration profile: FUDS. 
By analyzing these three cycles, the effectiveness of the algorithm can be 
assessed for different working conditions ranging from typical urban driving 
behavior to aggressive highway driving.   
6.1.5.2 Calibration results  
In order to study the effect of the SOC tracking parameters on the performance of 
the developed real-time EMS strategy, a series of simulations are performed testing 
different combinations of the sampling distance and the proportional gain used in 
Eq. (4-59).  
For each set of SOC tracking parameters, the EMS is implemented for the 
following driving schedules: 
• WLTC (1 repetition). 
• FUDS (2 repetitions). 
• US06 (2 repetitions). 
The change in the number of repetitions allows to test for different driving 
profiles of a similar length in terms of distance.  
In terms of boundary conditions, it was established: 
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 𝑆𝑂𝐶𝑟𝑒 ,𝑁 = 0.75 (6-8) 
 𝑆𝑂𝐶𝑚𝑎𝑥 = 0.93 (6-9) 
 𝑆𝑂𝐶𝑚𝑖 = 0.74 (6-10) 
Differently from the charge-depleting simulation studied in section 5.5.3, a 
final target for the SOC is established. In this way, the cycle cannot be completed 
almost entirely in EV-mode and the interaction between the two energy sources 
present onboard can be studied.  
Note that it is allowed to go 1 % below the final SOC target (control candidates 
yielding lower values will be penalized). This is to account for the fact that the EMS 
cannot guarantee to achieve the exact value required for the SOC at the end of the 
cycle. This feature is common for most ECMS-based approaches [1].  
Consider for example a case in which two different control strategies yield the 
same fuel consumption but with a different final SOC. It is quite obvious that in 
terms of energy usage, the one with the highest SOC outperforms the other. This 
simple example is meant to illustrate that in order to make a fair comparison of the 
energy consumption for different strategies, it is necessary to account for the energy 
left in the battery. Hence, similarly to [60], [113], a total equivalent fuel mass is 
defined considering the fuel energy savings obtained by not providing the net 
amount of energy supplied by the battery through the thermal path, i.e.: 
 𝑚 ,𝑒𝑞,𝑡𝑜𝑡 = 𝑚 ,𝑡𝑜𝑡 +
𝐸𝑏,𝑡𝑜𝑡
?̅?𝐼𝐶𝐸  𝐿𝐻𝑉
 (6-11) 
where,  
𝑚 ,𝑡𝑜𝑡 is the total amount of fuel consumed during a driving mission.  
𝐸𝑏,𝑡𝑜𝑡 is the total energy provided by the battery during a driving mission. 
𝐿𝐻𝑉 is the fuel LHV. 
?̅?𝐼𝐶𝐸 is the mean efficiency of the ICE seen during a driving mission.  
6.1 A-ECMS with rule-based gear selection 6-249 
 
In the rest of the chapter, the effectiveness of real-time implementable control 
strategies will be evaluated by using as a parameter the difference between the total 
equivalent fuel mass of the causal EMS and that of the optimal solution. This 
parameter is calculated as: 
 ∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 =
𝑚 ,𝑒𝑞,𝑡𝑜𝑡 −𝑚 ,𝑒𝑞,𝑡𝑜𝑡
∗
𝑚 ,𝑒𝑞,𝑡𝑜𝑡
∗  100 (6-12) 
where, 
𝑚 ,𝑒𝑞,𝑡𝑜𝑡 is the total equivalent fuel mass obtained with a causal strategy. 
𝑚 ,𝑒𝑞,𝑡𝑜𝑡
∗  is the optimal total equivalent fuel mass. 
Table 6-5 presents the value obtained for the quantity defined in Eq. (6-12) for 
each set of SOC tracking parameters considered. The values reported are computed 
for the WLTC.  
Table 6-5. Effect of SOC tracking parameters: WLTC. 
𝑲𝒑 [-] 1 3 5 8 10 
𝑫𝒔 [km] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
1 3.734 3.758 3.783 3.864 3.864 
2 3.734 3.758 3.758 3.758 3.588 
3 3.734 3.734 3.758 3.758 3.783 
5 3.734 3.734 3,734 3.734 3.734 
In Table 6-5, it can be appreciated that the maximum difference between the 
results obtained for different sets of parameters is lower than 1 %. The same 
happens for the other two driving schedules under analysis. This implies that the 
EMS developed in this chapter is robust with respect to the SOC tracking 
parameters. Therefore, the selection of the best values for the sampling distance and 
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the proportional gain of the equivalence factor adaptation law can be made offline 
and the same parameters can be used regardless of the driving cycle to be followed. 
In order to select the mentioned parameters, in Table 6-6, the sum of the total 
equivalent fuel mass for the three driving schedules studied is reported for every 
pair of sampling distance and proportional gain under consideration.   
Table 6-6. Effect of SOC tracking parameters: all cycles. 
𝑲𝒑 [-] 1 3 5 8 10 
𝑫𝒔 [km] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
∆𝑚 ,𝑒𝑞,𝑡𝑜𝑡 
[%] 
1 17.490 17.434 17.670 18.129 18.127 
2 17.359 17.5140 17.477 17.708 17.538 
3 17.359 17.359 17.383 17.514 17.794 
5 17.359 17.359 17.359 17.339 17.495 
Table 6-6 shows that the EMS is less sensible to the value of the proportional 
gain as the sampling distance increases.  
Based on the data presented, the values selected are: 8 and 5 km.   
6.1.6 Effect of restrictions on ICE state  
With no restrictions in place for changes on the ICE state, this component will be 
used each time that the current value of the equivalence factor implies an 
instantaneous equivalent fuel consumption which is lower than that seen for the 
EV-mode (see section 6.1.2). Hence, as illustrated in Figure 6-27 and Figure 6-28, 
different TSFs are selected by the proposed technique with respect to those chosen 
in the DP results. Note that the ICE has a very intermittent on/off behavior. The 
driving schedule studied is still the WLTC and the final SOC target is 75%. 
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Figure 6-27. TSF: free ICE state. 
 
Figure 6-28. TSF: free ICE state (zoom). 
6-252 Real-time Energy Management Strategies for Hybrid Electric Vehicle 
Powertrains Equipped with Dual-Clutch Transmissions 
 
Note that “RB + A-ECMS” refers to the EMS developed in this chapter which 
combines a rule-based gear selection in EV-mode with A-ECMS.  
On the other hand, when the fuel penalties related to the ICE state discussed in 
section 6.1.3.2 are employed, the results improve significantly (see Figure 6-29).  
 
Figure 6-29. TSF: restrictions on ICE state. 
In the former figures, the best values of the initial equivalence factor for both 
cases, with and without ICE state restrictions, were considered while implementing 
the EMS of interest. In order to isolate the effect of the penalties introduced on the 
solution, the proportional gain was set to 0. The driving schedule studied was the 
WLTC.  
6.2 Benchmarking and comparison of real-time energy 
management strategies  
In this section, the DP formulation presented in chapter 5, is used to benchmark the 
results of the developed EMS (referred to as RB + A-ECMS) and those of the A-
ECMS. As mentioned before, besides realizing how close the results are from those 
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of the optimal solution, this also allows to compare the performance of the designed 
algorithm with that of a well-known real-time implementable control strategy.   
For the A-ECMS implementation, the same powertrain model (see section 2.2), 
penalties (properly tuned) and equivalence factor adaptation scheme (see section 
6.1.3) employed for the EMS described in the previous paragraphs are considered. 
The fundamental difference is that at each iteration the instantaneous equivalent 
fuel consumption defined in Eq. (6-2) is minimized by choosing both the TSF and 
the most appropriate gear. As for the other control strategies discussed, the main 
aspect that differentiates the A-ECMS implementation developed here from those 
published in previous works, is in the modeling of the energy consumption during 
gearshifts and ICE starts. A-ECMS was calibrated using the same procedure 
illustrated in section 6.1.5, the values selected for the SOC tracking parameters are: 
3 and 5 km.  
In the following, simulation results for the same driving cycles used to calibrate 
the real-time implementable EMSs are presented.  
Figure 6-30 illustrates the performance of the RB + A-ECMS approach. The 
SOC, equivalence factor and fuel consumption are shown for 1 repetition of the 
WLTC. The SOC trajectory is very close to the optimal one through the entire cycle. 
Note that since the SOC stays close to its reference, the variations of the equivalence 
factor are not significant. It can also be appreciated that both the total fuel 
consumption and the final SOC are similar to those obtained with DP. 
Figure 6-31 shows the EM operating points for both the DP solution and the 
RB + A-ECMS approach. It can be noticed that the EM continuous torque limit is 
breached more times in the online implementable approach than in the DP results. 
On the other hand, by comparing the ICE operating points (see Figure 6-32), it 
can be stated that in both cases the ICE working conditions are selected to operate 
in the map region related to lower fuel consumption rates and higher efficiencies. 
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a) SOC 
 
b) Equivalence factor 
 
c) Fuel consumption 
Figure 6-30. Benchmarking results for WLTC: RB + A-ECMS. 
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a) DP b) RB + A-ECMS 
Figure 6-31.EM operating points for WLTC: DP vs. RB + A-ECMS. 
  
a) DP b) RB + A-ECMS 
Figure 6-32. ICE operating points for WLTC: DP vs. RB + A-ECMS. 
The results for two repetitions of the FUDS and the US06 driving cycles are 
presented in Figure 6-33 and Figure 6-34 respectively. 
As for the WLTC, the SOC trajectory obtained for the FUDS is similar to that 
of the optimal solution. Nevertheless, the performance in terms of fuel consumption 
of the developed EMS is significantly better for the WLTC (see Table 6-7).  
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a) SOC 
 
b) Equivalence factor 
 
c) Fuel consumption 
Figure 6-33. Benchmarking results for FUDS: RB + A-ECMS. 
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a) SOC 
 
b) Equivalence factor 
 
c) Fuel consumption 
Figure 6-34. Benchmarking results for US06: RB + A-ECMS. 
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In Figure 6-34 it can be appreciated that the optimal SOC trajectory presents 
higher differences with respect to the given reference than those seen for the other 
two driving schedules. Instead, the SOC profile obtained with the RB + A-ECMS 
approach is kept closer to the mentioned reference thanks to the equivalence factor 
adaptation scheme in place. The effects of providing a suitable reference for the 
SOC are further discussed in section 6.3.2.  
Besides the difference in the total equivalent fuel mass defined in Eq. (6-12), 
the percental difference in the total fuel consumption will be also used as a 
parameter for the benchmarking of real-time implementable EMSs. The latter is 
defined as:  
 ∆𝑚 ,𝑡𝑜𝑡 =
𝑚 ,𝑡𝑜𝑡 −𝑚 ,𝑡𝑜𝑡
∗
𝑚 ,𝑡𝑜𝑡
∗  100 (6-13) 
where, 
𝑚 ,𝑡𝑜𝑡 is the total fuel mass obtained with a causal strategy. 
𝑚 ,𝑡𝑜𝑡
∗  is the optimal total fuel consumption. 
Table 6-7 and Table 6-8 summarize the most relevant parameters for the 
benchmarking of the RB + A-ECMS and A-ECMS approaches for the driving 
cycles under consideration. It can be concluded that, in terms of the total equivalent 
fuel consumption, the RB + A-ECMS approach does not only yield results that are 
close to the optimal solution (within 8 %) but also outperforms those of the A-
ECMS. The mentioned EMS also provides better results than the A-ECMS in terms 
of the actual fuel consumption.  
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Table 6-7. Benchmarking results: RB + A-ECMS. 
Parameter WLTC FUDS US06 
∆𝒎𝒇,𝒆𝒒,𝒕𝒐𝒕 [%] 3.739 7.565 6.035 
∆𝒎𝒇,𝒕𝒐𝒕 [%] 5.266 11.471 9.560 
𝑺𝑶𝑪𝑵 [%] 74.937 74.857 75.388 
Note that the final SOC and the parameters defined in Eq. (6-12) and Eq. (6-13) 
are retained as the most representative for the benchmark process.  
Table 6-8. Benchmarking results: A-ECMS. 
Parameter WLTC FUDS US06 
∆𝒎𝒇,𝒆𝒒,𝒕𝒐𝒕 [%] 4.444 10.214 7.383 
∆𝒎𝒇,𝒕𝒐𝒕 [%] 5.720 15.889 12.589 
𝑺𝑶𝑪𝑵 [%] 74.790 74.510 75.996 
It can be seen in the former tables that the RB + ECMS approach is 
characterized by a higher final SOC at the end of the WLTC and the FUDS. From 
the analysis of the simulation results it was inferred that this could be related to a 
more efficient generation of electrical energy during braking events.  
In particular, the FUDS, with a velocity profile characterized by frequent stops 
(see Figure 6-25), presents several opportunities for energy regeneration. Table 6-9 
presents the gear selected by the studied EMSs for the braking events with the 
highest power available for regeneration at the EM shaft (highest, in absolute terms, 
mechanical power request to EM 𝑃𝑟𝑒𝑔,𝑘). It can be appreciated that, in general, the 
EV-mode gearshift rules designed for this type of situations, enable the RB + A-
ECMS approach to operate in a similar gear (±1) with respect to that chosen by DP. 
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Instead, the instantaneous minimization approach used in the A-ECMS, tends to 
result in choosing higher gears. These considerations hold for the WLTC as well.  
Table 6-9. Braking events: FUDS. 
𝒕 [s] 104 409 601 1293 1463 
𝑷𝒓𝒆𝒈 [kW] -25.79 -22.04 -22.67 -24.35 -25.79 
𝒈𝒏: DP 3 3 3 3 3 
𝒈𝒏: RB + 
A-ECMS 3 6 4 3 3 
𝒈𝒏: 
A-ECMS 
6 6 5 3 6 
On the other hand, the mentioned tendency of choosing the higher gears seen 
for the A-ECMS is in agreement with the optimal solution for braking events 
performed at high speeds as seen at 345 and 446 s for the US06 driving cycle in 
Table 6-10. Differently, from the FUDS, in the US06 speed profile a lower number 
of vehicles stops are present but braking events are associated to higher power 
requests, so it is important to extract as much energy as possible from them. Note 
that the final SOC obtained with the A-ECMS is 0.6 % higher than for the RB + A-
ECMS approach.  
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Table 6-10. Braking events: US06. 
𝒕 [s] 119 345 446 486 588 
𝑷𝒓𝒆𝒈 [kW] -49.78 -51.73 -51.29 -52.36 -47.95 
𝒈𝒏: DP 4 6 6 3 3 
𝒈𝒏: RB + 
A-ECMS 6 5 5 5 6 
𝒈𝒏: 
A-ECMS 
6 6 6 6 6 
In order to analyze how powertrain operation resembles that of the optimal 
solution the TSFs obtained are also studied. 
Figure 6-35 allows to compare the TSFs selected by the different EMSs for a 
portion of the FUDS. It can be seen that, in general, the optimal TSF trajectory is 
reproduced by the real-time implementable strategies even though the ICE appears 
to be employed in more occasions. This is in agreement with the higher number of 
ICE start events undertaken with respect to the DP results (see Table 6-11). 
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Figure 6-35. TSF: FUDS (zoom). 
Figure 6-36 in analogous to Figure 6-35 but for the US06 driving schedule. At 
higher speeds, a more intermittent on/off behavior of the ICE is noted for the RB + 
A-ECMS and A-ECMS approaches, yielding a higher number of ICE start events 
with respect to the optimal solution (see Table 6-11).  
 
Figure 6-36. Fuel mass and TSF: US06 (zoom). 
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The total number of ICE starts for all cycles is presented in Table 6-11. In the 
real-time implementable EMSs developed here, a higher number of ICE starts 
events are generally undertaken when compared to the quantity seen in the DP 
results. As mentioned in section 6.1.1, the fuel cut-off functionality is not included 
in the A-ECMS based approaches which contributes to the higher number of ICE 
starts being performed.  
Table 6-11. Total number of ICE starts. 
 WLTC FUDS US06 
DP 12 19 20 
RB + A-ECMS 20 30 47 
A-ECMS 17 33 55 
Finally, the total number of gearshift maneuvers is reported in Table 6-12 for 
all the driving schedules and EMSs studied. Generally speaking, the RB + A-ECMS 
approach tends to result in more gearshifts than those performed in the optimal 
solution while the A-ECMS does the opposite.  
Table 6-12. Total number of gearshifts. 
 WLTC FUDS US06 
DP 99 166 44 
RB + A-ECMS 127 175 96 
A-ECMS 78 156 54 
6.3 Real-time energy management strategies validation  
In this section, the RB + A-ECMS approach performance is assessed for a driving 
cycle which is different from those used during the calibration of the strategy. This 
is to demonstrate the causality of the mentioned control strategy. 
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6.3.1 Driving cycle 
The driving cycle selected to validate the real-time implementable EMS developed 
through this chapter is the one used during the Emissions and Energy Consumption 
(EEC) event of the EcoCAR3 competition. Hence, it will be referred to as EC3-
EEC in the following.    
The cycle blends a series of EPA (Environmental Protection Agency) test 
cycles which makes it representative of real-world driving conditions that range 
from typical city driving to aggressive highway driving. The main driving cycle 
parameters are reported in Table 6-13. 
Table 6-13. Driving cycle characteristics: EC3-EEC. 
Parameter Value 
Duration 1290 s  
Distance 22.72 km 
Average speed 63.4 km/h 
Maximum speed 113.4 km/h 
In Figure 6-37 and Figure 6-38, the speed and acceleration profiles of the 
described driving cycle are presented. 
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Figure 6-37. Speed profile: EC3-EEC.  
 
Figure 6-38. Acceleration profile: EC3-EEC. 
6-266 Real-time Energy Management Strategies for Hybrid Electric Vehicle 
Powertrains Equipped with Dual-Clutch Transmissions 
 
6.3.2 Simulation results  
In the following, simulation results comparing the results obtained with RB + A-
ECMS, A-ECMS and DP are presented.  
Figure 6-39 shows that the optimal SOC trajectory is consistently different than 
the given reference. Moreover, the RB + A-ECMS SOC is kept closer to the 
reference provided while with the A-ECMS the energy storage system operates at 
lower values.  
On the other hand, Figure 6-40 shows that the optimal SOC trajectory would 
match better a reference given in the distance domain which is in contrast to what 
it is seen for the WLTC in section 6.1.3.3. This clearly illustrates a limitation of the 
equivalence factor adaptation schemes based on feedback from SOC: a technique 
to generate reference profiles for the SOC which are representative of the optimal 
solution regardless of the driving cycle is not available.   
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a) SOC 
 
b) Equivalence factor: RB + A-ECMS 
 
c) Fuel consumption 
Figure 6-39. SOC and fuel consumption: EC3-EEC. 
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Figure 6-40. SOC: EC3-EEC (distance domain). 
In Figure 6-41, the TSF is presented. Differently from the results seen in section 
6.2, the real-time implementable EMSs tend to use less the ICE than the optimal 
solution. This is also expressed by the numbers of ICE start events undertaken (see 
Table 6-14). 
Table 6-14. Total number of ICE starts: EC3-EEC. 
DP RB + A-ECMS A-ECMS 
13 6 7 
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Figure 6-41. TSF: EC3-EEC. 
The gearshift schedule is reproduced better by the RB + A-ECMS approach as 
it can be appreciated in Figure 6-42. The same trend regarding the total number of 
gearshifts is seen, i.e., the RB + A-ECMS technique tends to result in more gearshift 
than those performed in the DP solution while a lower quantity is undertaken when 
the A-ECMS is employed (see Table 6-15). 
 
Figure 6-42. Gear number: EC3-EEC (zoom). 
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Table 6-15. Total number of gearshifts: EC3-EEC. 
DP RB + A-ECMS A-ECMS 
68 73 44 
The EM operating points are presented in Figure 6-43. As for the WLTC results 
shown in section 6.2, the continuous torque limit is breached more times in the RB 
+ A-ECMS results.   
  
a) DP b) RB + A-ECMS 
Figure 6-43.EM operating points: EC3-EEC. 
In addition, the effects of the EM torque counter state introduced in the DP 
formulation can be appreciated in Figure 6-44. Note that when the counter reaches 
the maximum acceptable value, the mechanical brakes are employed to let the EM 
operate under its continuous torque limit. Hence, the counter proves itself to be 
useful in allowing to maximize energy regeneration during braking while respecting 
the physical limitations of the EM.  
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Figure 6-44. EM torque limits: EC3-EEC. 
Finally, Table 6-16 presents the value of the parameters used to benchmark the 
causal strategies studied here. As in the previous section, the RB + A-ECMS control 
technique outperforms the A-ECMS in terms of both the equivalent and actual fuel 
consumption. Moreover, the RB + A-ECMS performance is very closed to that of 
the optimal solution (less than 3 % increase in equivalent fuel consumption).  
Table 6-16. Benchmarking results: EC3-EEC. 
Parameter RB + A-ECMS A-ECMS 
∆𝒎𝒇,𝒆𝒒,𝒕𝒐𝒕 [%] 2.642 7.948 
∆𝒎𝒇,𝒕𝒐𝒕 [%] 13.356 20.661 
𝑺𝑶𝑪𝑵 [%] 76.145 75.789 
An important remark to be made is that the equivalence factor is initialized here 
using the best possible values for each of the causal strategies. As explained in 
section 4.6.3, for real-time implementation, a pre-computed offline map could be 
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used to do this operation based on the total distance to be traveled and the average 
speed of the driving mission. However, given the extensive amount of simulations 
needed to compute such a map, this is left for future studies.  
6.4 Summary 
As discussed in chapter 4, PMP and DP are model-based techniques able to provide 
the optimal solution to the energy management problem in HEVs. However, the 
requirement of knowing the future driving conditions beforehand generates the 
need of searching for other EMSs that are real-time implementable. In this chapter, 
a causal EMS is designed in which: 
• DP results are used to derive a set of rules aiming at reproducing the 
optimal gearshift schedule in EV-mode. 
• A-ECMS is used to decide the powertrain operating mode (through the 
selection of the TSF) and the current gear if power from the ICE is 
needed. 
In particular, a detailed description of the algorithm is given, including insights 
on the rule extraction and strategy calibration processes. Then, the DP formulation 
presented in chapter 5, is used to benchmark the results of the developed EMS and 
those of the A-ECMS. 
After performing several simulations using DP, it was observed that, in general, 
when increasing the final SOC target: 
• The deviations from the EV-mode gearshift schedule correspond to 
gearshifts performed when the intervention of the ICE is required.  
• The most efficient operating region of the ICE map is covered first.  
Hence, the idea behind the proposed approach is that if it can be understood 
how the optimal solution selects the gear in EV-mode, when the ICE is needed, gear 
selection is simply a matter of minimizing the equivalent fuel consumption as 
defined in the context of the ECMS. As for the DP formulation, one fundamental 
aspect that differentiates the real-time implementable EMSs developed here from 
those published in previous works, is the modeling of the energy consumption 
during gearshifts and ICE starts. 
In the causal strategies studied, a discrete adaptation scheme based on feedback 
from SOC is employed. By analyzing the optimal solution, it was concluded that, 
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depending on the driving cycle characteristics and final SOC target, the linear SOC 
reference that is more in agreement with the DP results could be defined in either 
the time or the distance domain. This clearly illustrates a limitation of the mentioned 
adaptation schemes: a technique to generate reference profiles for the SOC which 
are representative of the optimal solution regardless of the driving schedule to be 
followed is not available.  
Nevertheless, simulation results show that, in terms of the total equivalent fuel 
consumption, the RB + A-ECMS approach does not only yield results that are close 
to the optimal solution but also outperforms those of the A-ECMS. The mentioned 
EMS also provides better results than the A-ECMS in terms of the actual fuel 
consumption. In addition, both causal strategies proved to be robust with respect to 
the SOC tracking parameters. Hence, the same parameters can be used for different 
driving schedules.  
When analyzing the behavior of the solutions found, it is observed that, in 
general, the implementation of the RB + A-ECMS approach tends to result in more 
gearshifts than those performed in the optimal solution while the A-ECMS does the 
opposite. Furthermore, thanks to the ability of the designed rule-based approach to 
recognize relevant speed and power trends in the driving cycle, the gear number 
selected before high power braking events is similar to the optimal one in most 
cases. Note that choosing the appropriate gear allows to maximize the energy 
regenerated with the EM. 
On the other hand, with the real-time implementable EMSs, a higher number 
of ICE starts events are generally undertaken when compared to the quantity seen 
in the DP solution. The fuel cut-off functionality is not included in these approaches 
which contributes to the higher number of ICE starts. Moreover, with no restrictions 
in place for changes on the ICE state, a very intermittent use of this component is 
seen. Instead, when fuel penalties related to the ICE state are introduced, the results 
improve significantly.
  
 
Chapter 7 
7. Conclusions  
The increasing demand seen in the last few years for improved vehicle dynamic 
performance and reduced fuel consumption has raised the interest in the automotive 
industry to explore new forms of powertrain electrification. In the field of 
transmission systems, DCTs have been found to be good candidates to be integrated 
into HEV powertrain architectures since they are able to combine efficiency levels 
similar to those seen for MTs and almost seamless gearshift operation with a high 
software tunability. In this dissertation, among the many aspects that could be 
explored regarding the electrification of DCTs, attention is focused on developing 
control strategies for improving vehicle dynamic performance during gearshift 
maneuvers and the energy management of HEVs.  
For the development of the mentioned control strategies, appropriate 
powertrain models are necessary.  In chapter 2, the modeling work undertaken is 
addressed in detail.  
In order to assess gearshift quality and its impact on drivability, a nonlinear 
dynamic model of a series-parallel PHEV is developed. Two variants of this 
powertrain are studied, the main difference between them is in the type of 
transmission employed: AMT or DCT. In both vehicles, an EM is connected to the 
driveshaft through a mechanical coupler enabling full or partial compensation of 
the torque gap during gearshifts. Thanks to the model features, the first torsional 
mode of the driveline is correctly estimated and an assessment of the vehicle 
drivability during gearshift maneuvers can be conducted. 
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On the other hand, a backward quasi-static model of a parallel PHEV is 
developed for energy management purposes. The model is designed to properly 
account for the energy needed to perform gearshift and ICE start operations. This 
allows to develop control strategies in which these maneuvers are undertaken when 
it is convenient in terms of the overall energy consumption with the extra benefit of 
having an EMS in which transient events are not frequently requested, thus 
improving also the vehicle drivability. It is worth mentioning that, to the best of the 
author’s knowledge, the inclusion of a model that uses physical considerations to 
estimate the energy losses when changing gears in DCTs into a DP formulation or 
a causal EMS, like those developed in chapters 5 and 6 respectively, has not been 
undertaken in previous studies. 
In chapter 3, the mentioned gearshift control strategies for the two variants of 
the series-parallel PHEV described in chapter 2 are developed. Such algorithms are 
very simple to implement and tune since they are based on the use of simple PI 
feedback controllers. Thus, transmission engineers without significant knowledge 
of advanced control theory will be able to use the developed tools. 
The results obtained for both powertrains are promising in terms of vehicle 
dynamic performance. One fundamental implication of the previous remark is that 
the H-AMT studied has been proved capable of almost eliminating the torque gap 
during gearshifts while keeping the mechanical complexity of the system low with 
respect to its DCT counterpart. In the simulations undertaken, the main differences 
in the performance of both architectures are seen during upshift maneuvers where 
the energy requested from the EM is larger for the H-AMT. Hence, during this type 
of gearshifts, the H-DCT is shown to be more energy efficient. Instead, for the 
downshifts, in order to minimize clutch slip losses for the H-DCT, the EM works 
as a torque fill device, similar to what it does for the H-AMT, making the energy 
consumption indicators for both powertrains comparable.  
In chapter 4, some of the most relevant EMSs for HEVs are reviewed, setting 
the theoretical basis for understanding the work presented in chapters 5 and 6. 
DP is used in chapter 5 to find the global optimal solution to the energy 
management problem for the PHEV of interest. The general problem formulation 
is given including a description of how the modeling of the gearshift and ICE start 
losses is integrated into it. 
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In the DP charge-sustaining results, the optimal solution shows that keeping the 
SOC within a narrow range around the required final value is the best way to 
proceed. Another interesting observation to be made is that torque assist with the 
EM is used in just a few occasions. The vehicle operates mostly in ICE-only mode 
or EV-mode. Thus, parallel hybrid mode is mainly seen in the form of the ICE being 
used to recharge the battery. Instead, in the charge-depleting simulations, it is seen 
that the vehicle follows the WLTC almost entirely in EV-mode. Hence, these results 
can be used in the next chapter to extract a set of rules for the gear selection in EV-
mode.  
Furthermore, the effects of integrating into the DP formulation the loss models 
developed for gearshift and ICE start events are studied. It is noted that when both 
sources of losses are considered, there is no gear hunting behavior in the results nor 
chattering in the ICE state. In addition, the analysis made shows that, as expected, 
the number of gearshifts increases significantly when the losses associated with 
them are neglected. Another interesting conclusion is that neglecting the ICE start 
losses could lead to an unrealistic use of the ICE inertia to overcome the gearshift 
losses.  
After performing several simulations using DP, it was observed that, in general, 
when increasing the final SOC target: 
• The deviations from the EV-mode gearshift schedule correspond to 
gearshifts performed when the intervention of the ICE is required.  
• The most efficient operating region of the ICE map is covered first.  
Hence, the idea behind the real-time implementable EMS proposed in chapter 
6 is that if it can be understood how the optimal solution selects the gear in EV-
mode, when the ICE is needed, gear selection is simply a matter of minimizing the 
equivalent fuel consumption as defined in the context of the ECMS. In order to 
design such EMS:   
• DP results are used to derive a set of rules aiming at reproducing the 
optimal gearshift schedule in EV-mode. 
• A-ECMS is used to decide the powertrain operating mode (through the 
selection of the TSF) and the current gear if power from the ICE is 
needed. 
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Simulation results show that, in terms of the total equivalent fuel consumption, 
the RB + A-ECMS approach does not only yield results that are close to the optimal 
solution but also outperforms those of the A-ECMS. The mentioned EMS also 
provides better results than the A-ECMS in terms of the actual fuel consumption. 
In addition, both causal strategies proved to be robust with respect to the SOC 
tracking parameters. Hence, the same parameters can be used for different driving 
schedules.  
When analyzing the behavior of the solutions found, it is observed that, thanks 
to the ability of the designed rule-based approach to recognize relevant speed and 
power trends in the driving cycle, the gear number selected before high power 
braking events is similar to the optimal one in most cases. Note that choosing the 
appropriate gear allows to maximize the energy regenerated with the EM. 
Moreover, it is seen that the introduction of the fuel penalties related to the ICE 
state allow to avoid having an intermittent use of this component.  
In addition, a study of the optimal solution revealed that, depending on the 
driving cycle characteristics and final SOC target, the linear SOC profile which is 
more in agreement with the DP results could be expressed in either the time or the 
distance domain. A technique to generate reference profiles for the SOC which are 
representative of the optimal solution regardless of the driving schedule to be 
followed is not yet available. 
The electrification of powertrains equipped with DCTs offers the possibility of 
improving both the vehicle dynamic performance and the energy consumption. The 
control algorithms presented in this dissertation are designed with the objective of 
fully realizing the potential of such systems. Further work should be focused on: 
• Experimental validation of the developed models.  
• Implementation of the proposed controllers in vehicle.  
• Exploring the interaction of the proposed gearshift control algorithms 
with EMSs. 
• Offline generation of the map needed to initialize the equivalence factor 
used by the causal EMSs. 
• Adaptation of the DP formulation and the RB+A-ECMS approach to 
other HEV architectures. 
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